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Preface

Until approximately 2015, the idea of linking therapeutic drug monitoring (TDM) to

pharmacokinetic interpretation was incepted only by a handful of dedicated professionals. In the

past years, the world has turned, and development in TDM has been tightly linked to clinical

pharmacokinetics and pharmacometrics. This change has taken place very fast as the result of

considerable improvements in digital technology. Recently, the power of machine learning and artificial

intelligence has also been discovered, and efforts are already underway to guide drug therapies using

these tools.

Nevertheless, the idea has been around for over fifty years, and suitable computer software has

been available for a substantial part of this period. Experiencing the hesitation to implement the

findings in healthcare facilities, as well as seeing that the clinical utility of TDM is not yet accepted

in all medical fields, one may have several questions: are we advancing in the right direction? Will

this recent leap into the future spark enthusiasm soon, or shall conservative concepts, including the

“one dose fits all” approach, prevail until marketed precision pharmacotherapy software platforms

with user-friendly graphical interfaces will be available, providing full assistance for clinical decision

making and eliminating the need to gain insight into the underlying theory and processes in order to

come to the correct conclusions? Who can be expected to be in possession of the knowledge required

to apply the software tools properly in healthcare facilities—pharmacists? The clinical laboratory?

Bioinformatics experts? Clinicians? Will the precision pharmacotherapy approach ever be implemented

in minor facilities, or will it remain within the ivory towers of academic institutions?

The more research performed, the more answers that can be provided to these and other related

questions. The chapters of this reprint provide insight into studies performed by renowned experts

in a broad range of clinical fields, showing that the distinct level of evidence provided by TDM is

important from ophthalmology to transplantation surgery and from the treatment of adults to the

therapy of pediatric patients. It is demonstrated that parametric and nonparametric modeling could

equally work, and that a broad range of software applications are available to aid clinical decision

making. We expect that understanding the approaches and the findings of these studies will contribute

to the constructive interpretation of TDM results.

We would like to thank the contributors of the manuscripts published in the Special Issue

“Therapeutic drug monitoring and pharmacokinetics-based individualization of drug therapy” of

the journal Pharmaceutics for submitting their works and for cooperating with the managing editors

and guest editors tirelessly until publication was completed. We express our deepest gratitude to the

reviewers who devoted their time to perform the peer review of the manuscripts. We are indebted to

the editors of Pharmaceutics, especially Ms. Lovia Hu, for their proactive cooperation, patience, and

eagerness to look for a solution whenever we were in need of them. Finally, we are thankful to our

families for allowing us time to work on the submissions and on the compilation of this reprint.

We hope that the readers will find the compilation useful and will gain inspiration for their

research and efforts in healing. Patients belonging to one of the populations covered are often in grave

need of state-of-the-art medical care, and we sincerely hope that the information conveyed by the

chapters will take healthcare providers closer to the optimized treatment of individuals diagnosed

with any of the conditions discussed in the reprint.

Barna Vasarhelyi and Gellért Balázs Karvaly

Editors
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Gellert Balazs Karvaly * and Barna Vásárhelyi
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1. Introduction

The philosophy, practice, and clinical impact of therapeutic drug monitoring (TDM)
has changed profoundly with the appearance of widely available and, in a technical
sense, commonly applicable modeling, simulation, and dosing software tools in the past
decade. As a result, TDM, once a marginal field of clinical chemistry, has grown into a
multidisciplinary branch of clinical medicine, allowing laboratory and pharmacometrics
professionals to deliver highly relevant clinical information for supporting the management
of pharmacotherapy. The newborn discipline has been given the name “model-informed
precision dosing”, and is progressing to become a game changer in medicine as it lends itself
to being boosted in performance and utility by machine learning and artificial intelligence
tools. The eventual scope of the revolution model-informed precision dosing is bringing
about is to implement individualized, patient-centric treatments [1].

TDM-guided therapies are most promising to patients with outstanding vulnerability
and with atypical properties in terms of the pharmacokinetic fate of the drugs administered.
Examples include oncology patients, the critically ill, those receiving donated organs, or
those who have undergone major surgery. In addition, entire populations, such as children
or the obese, must also be viewed as subjects to special dosing strategies. Importantly,
people who are different from the majority of patients due to having atypical biological
features, such as a pharmacogenetic mutation or a liver disease, will also require individual
therapeutic approaches.

The nineteen research articles and the five review papers appearing in this Special
Issue cover vulnerable patient populations, unique scenarios, and novel methodologies to
demonstrate the utility of TDM and the pharmacokinetic processing of measurement results.
Several works focus on improving the administration of anti-infective agents. On this list,
one can find novel antibiotics (cefiderocol and dalbavancin) as well as ones employed glob-
ally (gentamicin, piperacillin, rifampicin, tobramycin, and vancomycin). Treatment with
the antifungal isavuconazole, as well as with the antivirals ganciclovir and the cabotegravir–
rilpivirine combination, are discussed. Articles focusing on immunosuppressant therapy,
which is ever more often based on TDM, explore the clinical pharmacokinetics of busulfan,
methotrexate, mycophenolate, and tacrolimus. Other entities, mentioned less often in the
related literature, include haloperidol, omeprazole, and the combination of the antidiabetics
dapagliflozin and linagliptin. Finally, this volume contains five review papers related to
four different fields of clinical medicine.

2. Overview of the Published Works
2.1. Immunosuppressants

The optimization of tacrolimus dosing regimens is one of the core areas of TDM and
pharmacokinetics-based treatment. Contribution (1) demonstrated the applicability of this
approach in patients undergoing heart transplants. This study spans a year after receiving
the organ and delivers in-depth information on the relationship between tacrolimus levels

Pharmaceutics 2024, 16, 792. https://doi.org/10.3390/pharmaceutics16060792 https://www.mdpi.com/journal/pharmaceutics
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measured in whole blood and endomyocardial biopsies. An important conclusion from
this study is that tacrolimus concentrations attained in the target graft organ cannot be
safely estimated by determining systemic drug levels.

Methotrexate is widely administered as an immunosuppressant in pediatric oncology
for the treatment of acute lymphoblastic leukemia. The remarkable interindividual variabil-
ity in its pharmacokinetic properties merits model-informed precision dosing for optimized
treatments. In contribution (2), six population pharmacokinetic models, published earlier,
are compared with an independent external evaluation patient dataset compiled by the
authors. The message obtained from this study is that pharmacokinetic models should be
validated by each healthcare facility prior to their adoption.

In a retrospective monocentric study, the impact of the co-administration of calcineurin
inhibitors on the twelve-hour area under the concentration–time curve of mycophenolic
acid, its primary pharmacokinetic marker related to clinical efficacy, is investigated in
21 adults who have undergone a heart transplant. The follow-up had lasted at least
12 months following the transplant and the beginning of mycophenolate mofetil therapy.
Exposure to mycophenolic acid, as well as its peak and trough concentrations, have been
considerably lower in cases where acute cellular rejection (ACR) of the implanted organ has
occurred. In addition, in comparison to the co-administration of tacrolimus, co-medication
with cyclosporine A has resulted in a substantially higher proportion of cases with ACR
(contribution (3)).

2.2. Anti-Infectives

The clinical pharmacokinetics of ganciclovir have been explored in patients diagnosed
with cystic fibrosis (CF) who have undergone lung transplants using Bayesian modeling,
with the findings being compared to those observed in non-cystic fibrosis patients. The
clearance of this antiviral appears to be higher in the CF population, leading to lower
systemic exposure. Nomograms are provided for administering loading and maintenance
doses by taking the height of the patients and the estimated glomerular filtration rates into
account (contribution (4)).

The preliminary pharmacokinetic results of a nationwide multicenter study with the
scope of following up HIV-positive patients receiving a combined long-acting injectable
formulation of cabotegravir–rilpivirine by therapeutic drug monitoring are presented in
contribution (5). This work was the first to test pharmacokinetic models for the real patient
population, with the aim of defining a trough therapeutic range.

Isavuconazole is a relatively new agent effective against systemic fungal infections.
It was approved for the treatment of invasive aspergillosis and invasive mucormyosis
in December 2023, but, prior to that date, it had been used off-label for the treatment
of immunocompromised pediatric patients. Contribution (6) described the retrospective
pharmacokinetic evaluation of the TDM program of isavuconazole conducted in a pediatric
hospital and offers a methodology for the optimized, model-informed precision dosing of
isavuconazole in this especially vulnerable patient population.

Cefiderocol is a new cephalosporin active against Gram-negative strains, including
those producing beta-lactamase and carbapenemase. The authors of contribution (7) in-
vestigated its population pharmacokinetics in critically ill adults for the first time. They
revealed that serum albumin concentration and chronic kidney disease are predictors of
the proportion of the unbound fraction of cefiderocol in the circulation.

A novel approach to estimating individual piperacillin concentrations by constructing
nonparametric artificial population pharmacokinetic (PK) quasi-models is described in
contribution (8). The number of volunteers included in a population pharmacokinetic
study is often low, which results in limited utility, including the comparability of findings.
The authors of this study demonstrated that the quasi-models are efficient for augmenting
population PK models and could provide a tool for generating individual concentration
estimates when the population PK model has been obtained by including data from a small
set of subjects.
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The efficient guidance of vancomycin dosing is an especially complex task in pediatric
patients, considering the variability of the physiological properties of different age groups
and of various individuals in each age group. The authors of contribution (9) presented
population pharmacokinetic models by evaluating renal function using urinary and blood
cystatin C and neutrophil gelatinase-associated lipocalin (NGAL) concentrations. Three
modeling approaches were compared in this study, and it was demonstrated that their per-
formance cannot be associated with the complexity of the model, favoring the consideration
of simpler models for clinical use.

Dalbavancin is one of the very few new entities available for the treatment of serious
Gram-positive bacterial infections. It has an unusual pharmacokinetic profile, including
an elimination half-life of over 400 h. The strategy of its administration, as well as the
monitoring of the course of therapy, is substantially different from that applied to most
drugs. In contribution (10), the associations and correlations of four dosing regimens
with the characteristics of patients, the pathogen, and the clinical situation are discussed,
including the analysis of the relationship between individual dalbavancin pharmacokinetics
and therapeutic outcomes.

In contribution (11), the authors demonstrate that the implementation of model-
informed precision dosing of tobramycin for treating pulmonary exacerbations caused by
Pseudomonas aeruginosa in cystic fibrosis results in the administration of higher doses and is
also associated with success in therapy. They also show that, in spite of dose elevations,
renal function improves by the end of the treatment.

The external validation of population pharmacokinetic models may not necessarily
demonstrate their broader utility. For such cases, the re-estimation of gentamicin model
parameters is proposed in contribution (12). Four parametric models, published earlier,
are applied to two datasets obtained by the authors in critically ill populations in the
framework of TDM conducted at their facility. It was shown that none of them is capable
of making acceptable predictions of pharmacokinetic–pharmacodynamic targets, but their
performance is improved substantially when model parameters are re-estimated using
the new datasets. In the future, this re-estimation strategy may prevent the construction
of redundant models, with the incorporation of new data increasing the robustness of
existing ones.

An account was given by contribution (13) concerning treatment with 10 mg/kg
rifampicin based on TDM to take initiative against the high prevalence of tuberculosis in
native Paraguayans in comparison to non-natives. In this study, a realistic procedure was
elaborated for collecting dried blood samples from tuberculosis patients across the country.
The probabilities of pharmacokinetic–pharmacodynamic target attainment were calculated.
When individual minimal inhibitory concentration (MIC) values were not available, the
attainment of targets depended solely on the hypothetical MIC considered. The authors
of this study concluded that administering an increased dose (35 mg/kg) of rifampicin
warrants investigation for improving outcomes.

2.3. Miscellaneous Drugs

Contribution (14) is the first clinical study to describe the pharmacokinetics of busulfan
in patients diagnosed with neurofibromatosis, a condition that can currently be cured only
by hematopoietic stem cell transplantation. This was also the first effort to include the
metabolite sulfolane in a busulfan population pharmacokinetic model. Total body weight
was identified as the main covariate. The findings were expected to allow the individualized
dosing of busulfan to neurofibromatosis patients, restricting the development of irreversible
liver impairment.

Anticoagulant therapy has changed dramatically since the introduction of direct-
acting oral anticoagulants. Although the relationship between the pharmacokinetics and
the pharmacodynamic effects of these drugs is still unclear, it is now understood that the
interindividual variability of exposure is high and overexposure may cause adverse effects.
Population pharmacokinetic models based on real-life therapeutic drug monitoring as well

3
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as simulations are presented in contribution (15) to compare the exposure to rivaroxaban,
administered to Thai adults diagnosed with non-valvular atrial fibrillation based on renal
function, or in standard dosages. It is shown that in this population, renal function and
body weight are covariates, and the prescription of standard 20 mg dosages will likely lead
to overexposure.

The impact of C-reactive protein (CRP) on exposure to haloperidol following the
administration of low haloperidol doses in critically ill adults was described in contribution
(16). By constructing its parametric Bayesian model and by performing Monte Carlo
simulations, the authors showed that the clearance of haloperidol is negatively correlated
with increasing CRP up to approximately 50 mg/L, pointing to the utility of individualized
dosing at the intensive care unit to overcome delirium.

In contribution (17), the pharmacokinetics and safety of the antidiabetics dapagliflozin
and linagliptin, given as an experimental combination product formula, were compared to
those recorded during the separate administration of the two substances in a randomized,
open-label, single-dose study conducted with healthy male volunteers. The bioequiva-
lence of the two formulations was demonstrated, providing important evidence that the
combined administration of these pharmacologically complementary entities is a rational,
patient-centric approach.

Gastrectomy can alter the absorption of drugs from the gastrointestinal system pro-
foundly. Laparoscopic sleeve gastric surgery (LSG), a widely employed bariatric interven-
tion, leads to a considerable reduction in gastric capacity and, as a result, increased acid
reflux, which is countered by the prolonged administration of proton pump inhibitors
(PPIs). In contribution (18), it is shown that the faster absorption of omeprazole, a well-
known PPI, takes place after surgery has been performed. The results of the comparison of
omeprazole exposure among normal, intermediate, and poor cytochrome P2C19 metabo-
lizer obese patients who have undergone LSG are also presented. The authors concluded
that 20 mg of omeprazole given once daily is sufficient for this population.

One of the key advantages of pharmacokinetics-based individualized drug therapy
is that, given a population pharmacokinetic model relying on rich data, individual phar-
macokinetic information can be inferred by measuring drug concentrations in a small
number of samples (referred to as a limited sampling strategy). An approach is provided in
contribution (19) to evaluating the robustness of such strategies by assessing the elimination
of iohexol, a gold standard in characterizing glomerular filtration rates, from the circulation
by enforcing pre-planned deviations from planned sampling times.

2.4. Reviews

In this work, timely topics related to cystic fibrosis, oncology, ophthalmology, and
psychiatry are reviewed. Westra et al. discussed pharmacological approaches to increasing
exposure to protein kinase inhibitors (contribution (20)). In another article, an overview is
provided of current knowledge regarding the therapeutic monitoring of these substances
in peripheral fluid spaces (contribution 21). Comprehensive updates are presented on
the monitoring of cystic fibrosis transmembrane conductance regulators (CFTCRs) as well
as of biological therapy substances applicable against non-infectious uveitis in contribu-
tions (22) and (23). Finally, a review of the most recent literature of TDM in psychiatry,
starting with the publication of the latest update of the widely accepted guidelines of
the Arbeitsgemeinschaft fur Neuropsychopharmakologie und Pharmakopsychiatrie, is
delivered [2].

3. Future Perspectives

Claiming that we have entered a golden era of TDM is perhaps not an exaggeration.
The diversity and outstanding importance of the topics, the multitude of software em-
ployed, and the long road that lies ahead in implementing the approaches described clearly
highlight the perspectives of this exciting and versatile field. It is also evident that multidis-
ciplinarity is of key significance; the structures, procedures, and infrastructure maintaining
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the efficiency of the multidisciplinary clinical teams must be elaborated and continuously
improved to support the translation of the knowledge that emerges into clinical protocols.
These challenges raise a plethora of scientific questions, which will certainly keep the topics
of therapeutic drug monitoring and pharmacokinetics-based individualized treatment
current for years to come.
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Abstract: Tacrolimus (TAC) is an immunosuppressant drug approved both in the US and in the
EU, widely used for the prophylaxis of organ rejection after transplantation. This is a critical dose
drug: low levels in whole blood can lead to low exposure and a high risk of acute rejection, whereas
overexposure puts patients at risk for toxicity and infection. Both situations can occur at whole-blood
concentrations considered to be within the narrow TAC therapeutic range. We assumed a poor
correlation between TAC trough concentrations in whole blood and the incidence of acute rejection;
therefore, we propose to study TAC concentrations in endomyocardial biopsies (EMBs). We analyzed
70 EMBs from 18 transplant recipients at five scheduled follow-up visits during the first year post-
transplant when closer TAC monitoring is mandatory. We observed five episodes of acute rejection
(grade 2R) in three patients (2 episodes at 0.5 months, 2 at 3 months, and 1 at 12 months), when TAC
concentrations in EMBs were low (63; 62; 59; 31; 44 pg/mg, respectively), whereas concentrations in
whole blood were correct. Our results are preliminary and further studies are needed to confirm the
importance of this new strategy to prevent acute rejection episodes.

Keywords: heart transplantation; acute rejection; therapeutic drug monitoring; tacrolimus;
endomyocardial biopsies

1. Introduction

Heart transplant (HTx) remains the gold standard treatment for end-stage heart failure.
Survival has significantly increased up to 12 years [1] and improvements in immunosup-
pressive therapies are one of the factors that has contributed considerably to better outcomes.
Tacrolimus (TAC), the primary immunosuppressive drug for HTx recipients, has proven to
be superior to cyclosporine (CyA) in both the prevention and treatment of rejection [2]. The
two drugs differ in their chemical structure (CyA is a cyclic endecapeptide, whereas TAC is
a macrocyclic lactone) but they act in a similar way. They are calcineurin inhibitors and
although their main mechanism of action is similar, TAC produces therapeutic effects at
concentrations 100 times lower than CyA and, consequently, has a reduced risk of toxicity.
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Tacrolimus administered orally is rapidly absorbed with a mean time to maximal con-
centration (tMAX) of 1–2 h, but the composition of food may highly influence its absorption.
The highly lipophilic character of TAC largely explains this phenomenon. Another factor
regulating TAC bioavailability is P-glycoprotein (Pgp), an efflux pump that is situated in
the apical membrane of mature epithelial cells, in hepatocytes, in renal tubular cells, in
the leucocytes, and also in the blood–brain barrier. When TAC passes Pgp and enters the
enterocyte, it is metabolized by the cytochrome P-450 CYP3A. The expression of Pgp is
influenced by genetics. The bioavailability of TAC has been found to be approximately 15%
but may vary between 4 and 89%. TAC is highly bound to erythrocytes. It’s binding to
plasma proteins varies between 72 and 98% depending on the methodology used. Because
of the extensive partitioning of tacrolimus into erythrocytes, its apparent volume of distri-
bution (Vd) based on blood concentrations is much lower (1.0 to 1.5 L/kg) compared with
values based on plasma concentrations (about 30 L/kg). Patients treated with a calcineurin
inhibitor (CNI) are at high risk of developing kidney injury; nephrotoxicity is manifested
either as acute kidney injury (AKI), which is largely reversible after reducing the dose, or
as chronic progressive kidney disease, which is usually irreversible. Other kidney effects of
CNI include tubular dysfunction and, rarely, thrombotic microangiopathy (TMA) that can
lead to acute kidney allograft loss after kidney transplantation.

Tacrolimus is a critical dose drug; low levels in whole blood can lead to low exposure
and a high risk of acute rejection, whereas overexposure puts patients at risk for both
toxicity (as reported above) and infections. Both situations can occur at whole-blood
concentrations considered to be within the narrow TAC therapeutic range. Moreover, data
from three randomized controlled trials did not find an association between TAC pre-dose
concentrations (trough: C0), the reference parameter for therapeutic drug monitoring, and
the incidence of acute rejection [3,4].

Tacrolimus demonstrates large pharmacokinetic inter-individual variability, partially
due to pre-systemic metabolism by the intestinal cytochrome P450 (CYP3A4/5) [5], which
may be affected by other CYP3A substrates, inducers, inhibitors, demographic characteris-
tics, hepatic dysfunction, and hematocrit. High variability in TAC trough levels has been
related to worse outcomes both in kidney transplant recipients [6] and in HTx popula-
tions [7–9], mostly during the first year after transplantation when closer TAC monitoring
is mandatory (range: 5–20 ng/mL).

Rejection continues to be one of the leading causes of death during the first year after
HTx [10]; the role and usefulness of endomyocardial biopsy (EMB) in routine surveillance
during this period remain controversial. EMB should be performed to detect any evidence
of graft rejection when non-invasive tests, such as cardiac magnetic resonance imaging
(MRI) or positron emission tomography (PET) scans, cannot provide a diagnosis. Neverthe-
less, the need for frequent monitoring makes cumbersome the use of non-invasive tests.

We assumed a poor correlation between TAC trough concentrations in whole blood
and incidence of acute rejection; therefore, we propose to study TAC concentrations in
EMBs. To the best of our knowledge, we believe this is the first work showing preliminary
results of TAC-concentration profiles (pg/mg vs. time) in EMBs of HTx patients at six
scheduled follow-up visits during the first post-transplant year.

We want to share our preliminary results, although our study is ongoing and further
analysis is required before drawing conclusions.

2. Materials and Methods
2.1. Patients

The aim of our study “Therapeutic Drug Monitoring of Tacrolimus Personalized Ther-
apy in Heart Transplantation: new strategies” (cod. 08073421), approved by the ethics com-
mittee of “Fondazione IRCCS Policlinico San Matteo” and supported by 5 × 1000 donations,
is to evaluate possible correlations between TAC concentrations in EMBs and acute rejection
episodes in order to find an accurate, specific, and predictive marker.
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The entire study, which started in 2020 and is ongoing,”, requires the enrollment of
at least 25 de novo transplant recipients, male and female, aged 18 to 70, who receive
TAC twice-daily dosing (BID) in combination with steroids and antiproliferative drugs
(Mycophenolate Mofetil, Sodium Mycophenolate). To date, 33 patients (9F/24M) have been
screened; 18 of them (6F/12M; median age 57 years old, max 69–min 23) underwent HTx
and were enrolled in the study, whereas the other 15 are still on the waiting list. Within the
group of patients who received the graft, 10 completed the follow-up period, 2 completed
the sixth month, 4 completed the third month, and 2 died between the first and the third
months. Each patient was anonymized and identified by the alphanumeric code TAC-XX,
where XX is a consecutive number assigned during the enrollment.

All participants signed informed-consent forms, authorizing the use of their samples
for the study. At each of the study time points (15 days, 1 month, 3 months, 6 months, and
12 months after transplantation), two whole blood samples (5 mL each) were collected in
EDTA-containing tubes for TAC quantification both in whole blood and in the peripheral
blood monocytes cells (PBMC—data not reported). EMBs from the transplanted heart were
also obtained both for histopathological analysis and for TAC quantification (one EMB/each
study time-point).

2.2. Sample Preparation

Tacrolimus whole-blood concentration was measured by antibody-conjugated mag-
netic immunoassays (ACMIAs) (Dimension instrument) from Siemens Healthcare Diagnos-
tics, according to the manufacturer’s specifications and the clinical practice guidelines of
the laboratory. Tacrolimus quantitation in cardiac biopsies was analyzed by a combined
enzymatic-digestion/mass spectrometry assay based on an analytical method that we
validated and published in September 2020 [11]. Briefly, the obtained EMBs were properly
weighted and then incubated in 50 µL of digestion buffer (10% Proteinase K solution in
TAC-free ATL buffer) at 55 ◦C for 90 min. In the end, the tissue was completely solubilized
and was added with 20 µL of internal standard (FK-506-13CD2: 100 ng/mL), 300 µL of
water, and 1 mL of tert-butyl methyl ether into the same cryovial for reaction. To promote
the TAC extraction into the organic phase, samples were gently mixed for 15 min on a rotary
mixer at room temperature to avoid an emulsion between the aqueous and organic layers
and then centrifuged at 10,400× g for 10 min. In the end, the organic phase was evaporated
to dryness under a gentle flow of nitrogen (room temperature). Dry residues were recon-
stituted by adding 60 µL of methanol and injected into the liquid chromatography–mass
spectrometry (LC–MS/MS) system.

2.3. HPLC-MS/MS Assay

After the cleanup procedure, the extracted samples underwent an online solid phase
extraction (SPE) coupled to liquid chromatography–tandem mass spectrometry; the re-
quired trap column and the analytical column (heated and maintained at 50 ◦C) were
purchased from Chromsystems (REF 93110 and 93100, respectively). Elution was carried
out in gradient mode at a flow rate of 0.5 mL/min with ammonium acetate 2 mM (acidified
with 0.1% HCOOH) in water (mobile phase A) and ammonium acetate 2 mM (acidified
with 0.1% HCOOH) in CH3OH (mobile phase B).

Ammonium acetate and formic acid promote the formation of the ammoniated precur-
sor ions ([M + NH4]+, TAC m/z 821.3; 13CD2-TAC m/z 824.3) that can be easily fragmented.
Multiple-reaction monitoring (MRM) mode was used to simultaneously detect TAC and
its isotopic analog (13CD2-TAC), chosen as the internal standard; the optimal instrument
parameters and MS/MS transitions (m/z 821.3→768.0; m/z 824.3→771.0) were determined
by direct infusion at a flow rate of 7 µL/min for TAC and 13CD2-TAC separately into the
mass spectrometer at a concentration of 1 µg/mL in mobile phase B.
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2.4. Calibration Standards and Quality Controls (Qc)

Calibration curves were prepared by spiking the target analyte (TAC) into a matrix that
has been judged to be representative of the real samples’ matrix. We bought a swine heart
in a butcher’s shop and cut it into many small pieces (0.5–5 mg); each section was added
with 50 µL of digestion buffer standard solution containing TAC at known concentrations
(standard solutions). Five calibrators and 3 quality controls have been prepared and used
to obtain the daily calibration curve; the peak area ratios of TAC to IS (AreaTAC/AreaIS)
were plotted as a function of the quantity of TAC (ng) added to the pieces of swine heart
(TAC [ng] = standard solution concentration [ng/mL] × 50 × 10−3 mL).

We prepared calibration standards and quality controls containing 0.033, 0.065, 0.130,
0.260, 0.520 ng and 0.070, 0.208, 0.416 ng of TAC, respectively. The deviation of standards
from their nominal values could not exceed 15% (20% for the Lower Limit of Quantification:
LLOQ, 0.033 ng).

2.5. Data Analysis

The Xcalibur 2.07 and LCquan 2.5.6 software (Thermo Fisher Scientific, San Francisco,
CA, USA) were used for LC–MS/MS system control, data acquisition, and data analysis; the
calibration curves were established by plotting the peak area ratio (analyte/IS) versus the
TAC nominal concentrations or nominal added quantity in blood or in EMBs respectively,
using a weighted (1/x) linear regression curve. Analyte peaks were identified with a
combination of retention times and the specific MRM transition.

The amount of TAC (ng) in patients’ biopsies was back-calculated from the daily
calibration curve equation; the TAC concentration in EMBs was expressed as the ratio
between the measured TAC amount and the initial EMB weight (mg) (Equation (1)).

[TAC]EMB =
Amount of TAC (ng)
weight of EMB (mg)

× 1000 =

[
pg
mg

]
(1)

2.6. Rejection Surveillance
2.6.1. Technical Considerations

Protocol-based EMBs are performed in the first year after HTx for acute rejection
surveillance, according to our institute’s good clinical practice.

Each EMB is assessed for acute cellular rejection (ACR) and antibody-mediated re-
jection (AMR) as stated by the International Society for Heart and Lung Transplantation
(ISHLT) guidelines. The presence of circulating donor-specific antihuman leukocyte antigen
(HLA) antibodies (DSAs) is considered a mandatory criterion for AMR after HTx. DSAs are
known as prognostic biomarkers of outcome; recipients with de novo DSA have a threefold
increased risk of mortality [12].

Endomyocardial biopsy (EMB) is a valuable diagnostic tool for myocardial disease,
for monitoring cardiac allograft rejection, and for diagnosing inflammatory and infiltrative
cardiomyopathies. At our center, an experienced cardiothoracic surgeon uses a disposable
rigid bioptome inserted through the right internal jugular vein and guided into the right
atrium to cross the tricuspid valve and reach the right ventricular septum under echocardio-
graphic guidance. The benefit of this new biopsy catheter was adequate endomyocardial
sampling without procedure-related complications [13].

The interventricular septum is the preferred biopsy site for its thickness, compared
to the free wall of the right ventricle for its continuity with the left ventricle and for its
location in the natural path of the blood flow, which facilitates access. The drawback is that
repeated EMB sampling results in a restricted region of the endocardium being assessed
and may result in interpretive errors.

The tissue sample procured is usually a 1–2 mm cube of endocardium and myocardium.
After extraction of the tissue fragment, the cardiovascular surgeon was careful not to
remove the specimen with forceps, but rather to gently “move it” with a needle from the
biopsy catheter and place it directly into 10% neutral-buffered formalin. The fixative was
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kept at room temperature to prevent additional contraction band artifacts. Histological
preparation, embedding, staining, reading, and reporting of the diagnosis within 24 h are
standard procedures.

The cardiovascular surgeon used the same careful approach for the biopsies intended
for the determination of the TAC concentration; he placed them in empty cryovials and
immediately called the laboratory for the subsequent standardized procedures (weighing
and storage at −80 ◦C until analysis).

2.6.2. Histological Preparation

The microscopic description of acute cellular rejection in the cardiac allograft is gener-
ally accepted as the presence of a myocardial mononuclear infiltrate, hemorrhage, myocyte
injury or necrosis, and vascular endothelial lesions, which includes endothelial disruption
and platelet fibrin deposition. The sensitivity of detecting transplant rejection can approach
98% with five adequate biopsy fragments, yet more than six samples do not appear to
increase diagnostic yield [14]. The greatest potential limitation to EMB interpretation is
sampling error. The adequacy of tissue fragments is very important for correct diagnostic
accuracy and interpretation.

Standard histological preparation requires paraffin-wax embedding followed by rib-
bons of 4 µm thick sections mounted on glass slides. Slides are numbered sequentially and
stained with hematoxylin and eosin for histomorphological characterization.

Evaluation of sample adequacy for the International Society of Heart and Lung Trans-
plantation grading scheme requires a minimum of four good endomyocardial tissue frag-
ments, with less than 50% of each fragment being fibrous tissue, thrombus, or other
non-interpretable tissue fragments (such as crush artifacts or poorly processed fragments).

2.7. Statistical Analysis

Medians are presented in graphs showing a single outcome measured at several points
over time. Points are connected by straight lines. Error bars show an interquartile range
(IQR). Joint modeling would be more appropriate considering the association between time-
to-event (acute rejection episode) and the measured longitudinal data (TAC concentrations).
However, in our opinion, the limited sample size (5 events, 3 patients) is not adequate for
estimating the effects of the longitudinal process in joint modeling [15].

3. Results
3.1. Concentration–Time Profiles

Figures 1–4 show the concentration–time profiles and the median concentration time-
profiles of TAC in EMBs and whole blood samples, respectively, from each of the 18 trans-
plant recipients.
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The analysis in the two different matrices was always performed on the same day to
reduce possible and unexpected interferences.

TAC concentrations in EMBs were variable, especially during the first months after
transplantation; at the first (15 days) and second follow-up visits (1 month), TACEMB of
patients TAC-04 and TAC-21 were unexpectedly elevated (207 and 257 pg/mg, respectively)
but over the next few months their values dropped to conform to the others.

The maximum concentration value was detected around 1 month after transplantation
(257 pg/mg; patient TAC-21), whereas the minimum level (18 pg/mg) was observed
15 days after HTx (18 pg/mg; patient TAC-11), as reported in Table 1.

Table 1. TAC median concentrations in EMBs during the first year post-HTx.

Time Post-HTx N◦ Analyzed EMBs TAC Conc. pg/mg
Median (Min–Max)

15 days 17 62 (18–207)
1 month 17 86 (31–257)
3 months 16 45 (31–119)
6 months 11 90 (33–146)
12 months 9 66 (25–112.5)

TAC: Tacrolimus; EMB: Endomyocardial biopsy; HTx: Heart transplant.

At the third evaluation (3 months), some TACEMB profiles reached a minimum and
then increased again in the following months. The results corresponding to 1 year post-
transplantation come from a low number of samples (Table 1: N = 9) but a decreasing trend
is plausible. At this time point, the dispersion of data appears minimal but only half of
the patients completed the observation period. All these results are better summarized
in Figure 2, where the median concentration–time profile of TACEMB and the related
interquartile range (IQR) are reported as time functions (months). Although the pattern is
very irregular, the IQR is overlapping.

In contrast, the concentration–time profiles of TACWB during the entire first year post-
HTx were more regular for all patients (Figure 3), as required by the universally accepted
therapeutic drug monitoring guidelines.

The corresponding calculated median concentration–time profile shows a continuous
slight increase (8.2–13.8 ng/mL), although the interquartile ranges (IQR) are overlapping
(Figure 4). Fluctuations are limited and always within the expected therapeutic range
(5–20 ng/mL).

When the study started, the potential concentration range for TAC in EMBs was
unknown; Capron and colleagues [16] found TAC levels ranging from less than 5 up to
387 pg/mg in liver biopsies. The tissue levels displayed an excellent correlation with the
liver histopathologic BANFF rejection score, whereas the blood levels did not.

Even though the liver and heart are obviously different organs, Capron’s work was
a good starting point for the present study; to date, similar concentrations were found in
EMBs ranging from 18 to 257 pg/mg.

3.2. Acute Rejection Episodes

Five acute rejection episodes (grade 2R) [17] were observed in three patients, whose
characteristics are summarized in Table 2; 1 episode occurred at 0.5 months, 3 at 3 months,
and 1 at 12 months, when the TAC concentrations in EMBs were low (63; 62; 59; 31;
44 pg/mg, respectively).
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Table 2. Patients’ characteristics.

Patient ID M/F
Age

(Year)
Blood Type Total

Ischemic Time
Cold

Ischemia Time
Warm

Ischemia TimeDonor Recip

TAC-23 M 57 A- A- 140 min 77 min 63 min

TAC-19 F 54 A- A- 95 min 50 min 45 min

TAC-04 F 58 AB+ AB+ 188 min 130 min 58 min

The highest ratio of TACWB/TACEMBS was reached 3 months after HTx, when TACWB
was always in the expected therapeutic range, whereas the TACWB/TACEMBs ratio was the
lowest in the presence of acute rejection (Table 3).

Table 3. Tacrolimus concentration–time profiles in whole blood and EMBs.

Median

Months after HTx 0.5 1 3 6 12
N◦ analyzed EMBs 17 17 16 11 9

Whole blood (ng/mL) 8.2 12.0 12.5 13.4 13.8
EMB (pg/mg) 62.0 85.9 45.0 90.0 66.0

Ratio WB/EMB 0.13 0.14 0.28 0.15 0.21
EMB: Endomyocardial biopsy; HTx: Heart transplant; WB: whole blood.

Despite the small sample size, TAC concentrations were analyzed in both EMBs
and whole blood by considering the results of rejecting (RPs) and non-rejecting patients
(NRPs) separately; for the second time, the conclusions are different depending on the
specific matrix.

The median TAC concentrations in EMBs (Figure 5) and whole blood (Figure 6) of RPs
and NRPs were plotted; in both situations the IQRs overlap, but in Figure 5 the median
concentration of the RP group is lower, whereas in Figure 6 the opposite situation occurs.
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4. Discussion and Conclusions

Despite the progress and improved overall outcomes, acute allograft rejection (AR)
remains the Achilles’ heel of heart transplantation. The manifestations of rejection can
occur as early as intraoperatively to many years after transplant. The timing of AR plays a
significant role in establishing cause and diagnosis. Acute rejection can either be responsible
for early graft dysfunction, occurring in the first days after surgery, or late graft dysfunction
developing weeks to years after transplantation.

Acute allograft rejection is an important contributor to graft failure, which remains a
leading cause of death (10%) within the first three years after HTx; low TAC levels in whole
blood can lead to low exposure and an increased risk of acute rejection, but, unfortunately,
an acceptable correlation between these two factors has never been demonstrated.

Episodes of acute rejection can also occur when TAC concentrations fall within their
narrow therapeutic range. The unbound concentration has been shown to be a crucial factor
in cellular uptake and may increase glomerular vasoconstriction leading to nephrotoxicity
in the early days after transplantation. From a mechanistic point of view, the plasma
concentration of unbound TAC is a more reasonable parameter to monitor to achieve
optimal TAC dosing in transplant patients, especially in the early days after HTx, but
current assays used for routine TAC monitoring lack the sensitivity to adequately measure
it [2].

From 1995 to 2021, many clinical studies [18] investigated whole blood, PBMC, and
allograft TAC concentrations and their association with clinical outcomes, to evaluate an
evident clinical benefit with respect to the prediction of rejection. All the studies were
conducted on liver- or kidney-transplanted patients; none involved HTx patients. The
results are controversial; well-designed and powered prospective clinical trials are still
needed to determine whether TAC therapeutic drug monitoring (TDM) in alternative
matrices offers a significant clinical benefit over the current TDM based on whole blood
determinations.

In order to collect initial data from HTx patients, preliminary results on TAC concentration-
time profiles both in whole blood and in EMBs during the first year after transplantation
are presented. Each specialized center normally determines the minimum levels of the
appropriate immunosuppressant drug in whole blood to prevent AR episodes; in general,
target TAC concentrations are highest soon after HTx and slowly decrease over the first
year, eventually settling on the lowest maintenance levels of immune suppression that are
compatible with AR prevention and the attenuation of drug toxicities. Another general
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principle is to favor the use of low doses of multiple drugs without overlapping toxicities
over the use of higher doses of fewer drugs whenever feasible. A third principle is that
excessive immunosuppression is undesirable because it leads to a high incidence of side
effects such as infections and malignancies. Finding the right balance between over- and
under-immunosuppression in an individual patient is truly an art that requires science.
The reason for the therapeutic choice by our center was poor post-operative peripheral
perfusion, which requires a lower dosage of nephrotoxic drugs to not overload the kidneys.
As summarized in Table 3, TACWB concentrations were maintained as constant throughout
the observation period and, although the median was significantly lower than the others
15 days after HTx, it was still within the expected therapeutic range (5–20 ng/mL).

Nonetheless, five AR episodes occurred and were classified as grade 2R by the patho-
logical characterization. Concurrent with the AR episodes, TAC concentrations in the EMBs
were low at the three-month post-transplant time point (when three of the five episodes oc-
curred); indeed, the corresponding median TACEMB concentration reached the lowest value
(Figure 5). Patients’ blood-type mismatches and total ischemic times cannot be considered
confounding factors, as reported in Table 2; transplantation with blood-type mismatch is
never performed even in emergency cases and the total ischemic time was shorter than 4 h
for all three patients. Figure 5 also confirms that the median concentration–time profiles of
TAC in EMBs in the rejecting and non-rejecting patient groups are different with the median
concentrations being lower for patients suffering from rejection. Completely different and
unexpected results were obtained by analyzing data from whole blood (Figure 6).

Two patients died 1 and 3 months after transplantation, respectively. The cause of
death was related to HTx in the first patient who died from multiple organ failure (MOF).
The cause of the second death was instead intracerebral hemorrhage that occurred in a
patient without hypertension.

As the transplanted patients and the corresponding donors are different individuals
with different genetics, investigations of the role of the polyglycol protein (P-gp) directly
in the graft will be carried out at this center next year. P-glycoprotein is a transmembrane
glycoprotein that is directly encoded by the human ABCB1 gene. It is responsible for
the efflux of many harmful compounds inside the cell to the extracellular space, but on
the other hand, it also favors the removal of many drugs from the cells leading to a
substantial reduction in their activity. P-glycoprotein controls drug absorption, distribution,
and elimination in the body. Previous recent studies report that both TAC and CyA
are substrates of P-gp; this has been demonstrated mainly for liver and kidney transplant
recipients [19,20]. In 2002, Messner and colleagues described the expression and localization
of the P-gp in fifteen left ventricular samples and observed a very wide inter-individual
variability [21]. Future areas of investigation will address the characteristics of the donors
in terms of the expression and localization of P-gp in the myocardial tissue to confirm or
improve on Messner’s results.

We have not reported our results on tacrolimus concentrations in peripheral blood
mononuclear cells because the trend is often in good agreement with its corresponding
concentrations in whole blood.

In our opinion, all our future data combined with standardized pharmacokinetic
analysis will be a requirement to achieve personalized therapy. Some individual charac-
teristics could be strongly related to the mechanism of action of the drug and may reflect
the personal response to the treatment; the synthesis of clinical signs and biological and
histological parameters would allow both the minimization of immunosuppressive therapy
and an improvement in the outcomes.

To the best of our knowledge, this is the first work reporting results of TAC concentra-
tions in EMBs from HTx patients.

This study argues that TAC tissue concentrations in the allograft cannot be accurately
predicted based on the blood level and that this is a possible mechanism underlying
the AR occurrence. However, further studies and a larger population are needed to
confirm these findings. In consideration of the need for cardiac transplant recipients to
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be closely monitored with clinical and imaging methods to early diagnose AR despite
whole blood immunosuppressant concentrations within the therapeutic range, the routine
implementation of analytical procedures to identify low allograft tissue levels will allow
for more personalized therapeutic regimens, a step forward to AR defeat and a reduction
of drug toxicities.
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Abstract: In the clinical practice management of heart transplant (HTx), the impact of calcineurin
inhibitors co-administration on pharmacokinetics (PKs) of mycophenolic acid (MPA), mycophenolate
mofetil (MMF) active drug, is not adequately considered. This retrospective study investigated full
MPA-PK profiles by therapeutic drug monitoring (TDM) in 21 HTx recipients treated with MMF
combined with cyclosporine (CsA) or tacrolimus (TAC) at a median time of 2.6 months post-transplant.
The two treatment groups were compared. We described the main MPA-PK parameters in patients
developing acute cellular rejection (ACR) and those who did not. Median dose-adjusted MPA-trough
levels and MPA-AUC0–12h were higher in patients co-treated with TAC than with CsA (p = 0.0001
and p = 0.006, respectively). MPA-Cmax and Tmax were similar between the two groups, whereas the
enterohepatic recirculation biomarker of MPA (MPA-AUC4–12h) was higher in the MMF and TAC
group (p = 0.004). Consistently, MPA clearance was higher in the MMF and CsA group (p = 0.006). In
total, 87.5% of ACR patients were treated with MMF and CsA, presenting a lower MPA-AUC0–12h

(p = 0.02). This real-world study suggested the CsA interference on MPA-PK in HTx, evidencing the
pivotal role of MPA TDM as a precision medicine tool in the early phase after HTx. A prospective
study is mandatory to investigate this approach to HTx clinical outcomes.

Keywords: therapeutic drug monitoring; pharmacokinetic interactions; heart transplant; precision
medicine; clinical practice

1. Introduction

Mycophenolate mofetil (MMF) represents a cornerstone for the treatment of heart
transplant (HTx) [1]. Standard immunosuppressive maintenance protocols include its
administration combined with calcineurin inhibitors (CNIs), such as cyclosporine (CsA) or
tacrolimus (TAC), and corticosteroids.

After oral administration, MMF is rapidly metabolized to mycophenolic acid (MPA),
which is a selective and noncompetitive inhibitor of inosine-5′-monophosphate dehydroge-
nase (IMPDH) that causes the arrest of the proliferation of T- and B-cells [2]. When orally
administered, the time to reach MPA plasma maximum concentration (Tmax) occurs after
approximately 1–2 h. Frequently, MPA exhibits a secondary peak due to enterohepatic recir-
culation (EHC), occurring 6–12 h after drug administration [2]. Indeed, uridine diphosphate
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glucuronosyltransferase (UDP-GT) enzyme family metabolized MPA into its main inactive
metabolite 7-O-MPA-glucuronide (MPAG), which is mainly excreted in the urine and into
the bile by multi-drug resistance protein 2 (MRP-2). Hence, MPAG can be hydrolyzed into
MPA by gastrointestinal flora and then reabsorbed by EHC [2]. Since CsA inhibits MRP-2,
in the case of MMF and CsA co-administration MPA secondary peak is suppressed [2].
In renal transplant patients, Cattaneo et al. evidenced a decrease in MPA concentrations,
occurring 4–12 h from MMF administration, as suggested by the corresponding biomarker
represented by the area under the concentration–time curve from 4 to 12 h (AUC4–12h) [2–4].
Consistently CsA administration increases MPA clearance (Cl) [5].

From a pharmacokinetic (PK) point of view, MPA exposure, in terms of its area
under the 12 h concentration–time curve (AUC0–12h), represents the major prognostic PK
parameter for this immunosuppressive treatment [6]. MPA-AUC0–12h is characterized by a
relevant inter- and intra-subject variability [7]. It has been reported a >10-fold variation
in dose-adjusted MPA-AUC0–12h among patients in heart and renal transplants [8]. Some
authors also suggested a relationship between MPA plasma concentration and incidence of
cardiac rejection [9,10]. For this reason, the therapeutic drug monitoring (TDM) of MPA
is recommended to maximize the efficacy of treatment, especially in the first period after
transplant and in patients with high immunological risk [6].

A therapeutic MPA-AUC0–12h target, ranging from 30 to 60 mg·h/L, was prospectively
validated in renal transplant patients [6,11]. In the Htx setting, similar thresholds were
identified [12,13], although supported by low strength of recommendation and scarce
quality of evidence [6].

This retrospective observational monocentric pilot study was designed to compare the
effect of CsA or TAC administration on MPA-PK in a cohort of HTx recipients. Patients
were treated according to the standard clinical practice of our University Hospital Center.
In particular, we primarily sought to compare the 12-h MPA-PK profiles in both groups in
the first period after transplant and to examine the effect of CsA on MPA EHC.

Secondarily, we only exploratively described the main MPA-PK parameters in patients
reporting acute cellular rejection (ACR) and in those who did not (NACR).

2. Materials and Methods
2.1. Patients

In total, 21 adult patients who underwent primary HTx were included in our analysis.
All patients had been previously treated at the University Hospital of Udine following
the internal protocol with MMF and CsA (Group 1) or MMF and TAC (Group 2) and
prednisone [14]. From 1 January 2011 to 31 December 2019, TDM of immunosuppressive
drugs was performed for each patient during a minimum follow-up period of 12 months.
All consecutive HTx recipients in the study period who met these criteria were included
in the analysis. Patients treated with prokinetic drugs, resins, or other drugs interfering
with MPA-PK, except for prednisone, were excluded. Patients treated with other immuno-
suppressive agents than MMF, CsA, and TAC or subjects with relevant missing data in the
clinical records or without informed consent for clinical, epidemiological research, training,
and study of pathologies were excluded from the study.

CsA and TAC were administered according to the clinical condition and renal function.
CsA and TAC doses were adjusted to reach different blood concentration targets, according
to our clinical practice adapted from literature: 150–250 ng/mL and 100–200 ng/mL for
CsA; 10–15 ng/mL and 5–10 ng/mL for TAC, <3 months and >3 months post-transplant,
respectively [15,16].

MMF was administered with a median dose of 750 mg twice daily, and dose-adjustments
were performed according to blood leucocyte count, clinical conditions, drug tolerabil-
ity, or adverse effects. The TDM of MPA was executed at a median time of 2.6 months
post-transplant, setting an AUC0–12h target range at 30–60 mg·h/L [6].
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2.2. Study Design and Pharmacokinetic Measurements

This is a pilot, observational, retrospective cohort study.
Pharmacological, hematological, and biochemical analyses were performed according

to routine clinical practice. PK analyses were required when the expected steady state was
reached for all drugs. In particular, PK analysis consisted of the 12 h MPA-PK profile, CsA,
and TAC pre-dose measurement. Patients were asked to take their usual morning dose of
MMF, CsA, or TAC after having a standard meal.

For the 12 h MPA-PK profile, written informed consent had been obtained, and 8 ve-
nous blood samples had been taken at 0 (pre-dose), 0.5, 1.25, 2, 4, 6, 8, and 12 h after MMF
morning dose. Each patient executed a single PK profile one time only. Separation of plasma
was performed immediately in a centrifuge at 4 ◦C. Plasma MPA concentrations were mea-
sured by high-pressure liquid chromatography with UV detector (HPLC/UV) using a
reference method published in literature [17]. Our laboratory reported the following param-
eter for the HPLC/UV method used: limit of detection: 0.1 µg/mL; linearity between 0.1
and 40 µg/mL (coefficient of determination, R2: 0.9988); intra-batch imprecision expressed
as coefficient of variation (CV): 3.15%, 1.55%, and 1.76% at MPA plasma concentrations of
1.5, 5.0, 15.0 µg/mL, respectively; inter-batch imprecision (CV): 3.41%, 3.21%, and 1.92%
at MPA plasma concentrations of 1.5, 5.0, 15.0 µg/mL, respectively; overall inaccuracy
(% bias) of the procedure: ranged from 8.7% to 13.6%. TAC and CsA trough levels were
determined in whole blood for all patients by an affinity column-mediated immunoassay
(ACMIA) method using a Dimension Vista 1500® Analyzer (Siemens Healthcare Diagnos-
tics, Berlin, Germany). Our laboratory reported the following parameter CsA: assay range
(25–500 ng/mL); linearity from 25 to 200 ng/mL; limit of detection 25 ng/mL; within-run
precision (CV): 5.2%, 4.3%, and 4.3% at CsA concentrations of 65, 151, 400 ng/mL, respec-
tively; within laboratory precision (CV): 8.2%, 5.4%, and 4.8% at CsA concentrations of 65,
151, 400 ng/mL, respectively. For TAC the parameter reported were the followings: assay
range (1–30 ng/mL); linearity from 1 to 30 ng/mL; limit of detection 0.7 ng/mL; within-
run precision (CV): 3.8%, 2.3%, and 3.1% at TAC concentrations of 4.4, 11.4, 27.4 ng/mL,
respectively; within laboratory (CV): 6.9%, 4.5%, and 5.1% at TAC concentrations of 4.4,
11.4, 27.4 ng/mL, respectively.

MPA PK was evaluated by a non-compartmental model after oral administration
using the PK solver software® [18], according to similar studies in the literature [4,19,20].
MPA-AUC0–12h was calculated by means of the linear trapezoidal rule.

According to Cattaneo et al. [4], we investigated the possible impact of TAC or CsA
on MPA bioavailability, taking into consideration the area under the concentration–time
vurve from 0 to 2 h (AUC0–2h), as a surrogate marker of absorption, the MPA peak plasma
concentration (Cmax) and the Tmax. Furthermore, we evaluated the MPA-AUC4–12h as a
surrogate marker of EHC. MPA apparent clearance (Cl/F) was evaluated by this formula
for both groups:

MPA Cl/F = (MPA morning dose)/(MPA AUC0–12h) (1)

MPA-PK parameters were assessed and compared between patient groups.
Secondarily, as explorative analysis, we described MPA-AUC0–12h values, all the drug

serum concentration sampling points, Cmax absolute and dose-adjusted values in ACR and
NACR patients.

To exclude the confounding factor of different MMF drug doses, MPA-PK parameters
were normalized for the daily MMF dose according to the following formula [4]:

MPA PK parameter dose− adjusted = (MPA PK parameter)/(MMF daily dose) (2)

2.3. Rejection Assessment

The incidence of ACR was evaluated by endo-myocardial biopsies executed as per
standard clinical practice [14] and classified according to the International Society for Heart
and Lung Transplantation (ISHLT) standardized grading method [21]. ACR was defined
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as an ISHLT grade greater than or equal to 1 at the time of observation after transplant on
endomyocardial biopsy specimens.

2.4. Statistical Analysis

Categorical variables were presented as absolute value and relative frequency (per-
centage) and continuous variables as the median and interquartile range (IQR). Normality
was assessed using Shapiro–Wilk test. Categorical variables were compared using the
Fisher’s exact test, whereas continuous variables were compared using Mann–Whitney
test, according to the distribution of the data. The non-parametric Mann–Whitney test
was used to compare MPA PK values between the study groups and between male and
female patients. p-values of a 2-sided test lower than 0.05 were considered statistically
significant. Analyses were performed using MedCalc (Statistical Software version 20.106,
Ostend, Belgium; http://www.medcalc.org accessed on 1 March 2022). Correlation among
multiple variables with nonparametric distribution data was performed by Spearman test,
considering r > 0.6 as strong correlation.

The ratio between the median value of each MPA-PK parameter we measured in
Group 1 and Group 2 was used to estimate the degree of the differences between the two
groups according to the following formula:

RATIO = median PK parameter Group 2/Group 1 (3)

The same evaluation was assessed among NACR and ACR patients as follows:

RATIO = median PK parameter NACR patients/ACR patients (4)

3. Results
3.1. Patients Characterization

Twenty-one patients were included in the analysis, fourteen men (67.0%) and seven
(33.0%) women. Twelve of them (57.1%) were included in Group 1, whereas nine (42.9%)
were in Group 2. Treatment groups were balanced in terms of relevant clinical characteris-
tics, as shown in Table 1.

Table 1. Patients’ baseline demographical and clinical data are reported as overall and according to
the immunosuppressive treatment.

Parameter Total Group 1 Group 2

Median (IQR) Median (IQR) Median (IQR) p-Value

Number of patients (N, %) 21 (100%) 12 (57.1%) 9 (42.9%) -

Males (N, %) 14 (67%) 10 (83%) 4 (44%) 0.09 a

Age (years) 56.0 (42.0–62.9) 58.3 (49.8–60.5) 43.1 (41.0–65.6) 0.57

MMF dose (mg/day) 1500 (1500–2000) 1500 (1500–2000) 1500 (1500–2000) 1.00

MMF dose (mg/kg/day) 26.3 (20.5–29.7) 24.7 (19.9–28.1) 26.3 (20.8–29.7) 0.72

Post-transplant time (months) 2.6 (1.9–6.1) 2.8 (1.1–6.7) 2.6 (2.3–5.6) 0.67

BMI (Kg/m2) 22.7 (19.9–28.7) 22.7 (19.9–29.2) 22.7 (20.2–26.8) 0.86

RBCs (×106/µL) 3.9 (3.6–4.2) 4.0 (3.6–4.4) 3.8 (3.5–4.0) 0.23

Hb (g/dL) 11.6 (10.3–12.8) 11.6 (10.5–12.5) 11.6 (10.3–12.8) 0.7

WBCs (×103/µL) 7.9 (6.2–9.2) 8.0 (6.7–10.1) 6.5 (5.2–8.5) 0.21

Neutro (×103/µL) 5.3 (3.9–7.4) 6.1 (4.4–7.7) 4.3 (3.7–6.2) 0.14

Lymph (×103/µL) 1.0 (0.6–1.5) 0.9 (0.5–1.3) 1.1 (0.9–1.5) 0.41

Mono (×103/µL) 0.6 (0.5–0.8) 0.6 (0.5–0.8) 0.7 (0.6–0.7) 0.43
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Table 1. Cont.

Parameter Total Group 1 Group 2

Median (IQR) Median (IQR) Median (IQR) p-Value

Eos (×103/µL) 0.09 (0.02–0.12) 0.09 (0.02–0.11) 0.09 (0.03–0.12) 0.86

Bas (×103/µL) 0.04 (0.01–0.06) 0.05 (0.02–0.05) 0.04 (0.01–0.07) 0.91

Plt (×103/µL) 219.0 (195.0–299.0) 206.0 (173.0–214.5) 255.0 (221.0–311.0) 0.04 *

ALT (IU/L) 19.3 (17.0–30.0) 21.5 (17.8–31.0) 18.0 (17.0–19.3) 0.31

AST (IU/L) 19.0 (14.6–30.0) 19.5 (15.5–24.3) 19.0 (14.6–20.0) 0.52

Albumin (mg/dL) 42.4 (36.0–44.7) 37.5 (34.9–43.9) 44.4 (41.4–47.8) 0.05

Bilirubin (mg/dL) 0.7 (0.4–1.1) 1.0 (0.7–1.3) 0.4 (0.4–0.6) 0.01 *

CrCl (mL/min) b 56.0 (48.0–80.0) 60.5 (37.0–83.8) 55.0 (52.0–68.0) 0.83

GFR (mL/min/1.73 m2) c 60.0 (50.5–81.0) 61.5 (38.3–88.5) 60.0 (51.0–65.0) 0.89

Prednisone (mg/day) 15.0 (7.5–20.0) 12.5 (9.4–15.0) 20.0 (7.5–25.0) 0.26

Prednisone (mg/kg/day) 0.2 (0.1–0.3) 0.2 (0.1–0.2) 0.3 (0.1–0.4) 0.14

CsA dose (mg/day) - 200.0 (168.8–250.0) - -

CsA dose (mg/kg/day) - 2.9 (2.5–3.5) - -

CsA C0 (ng/mL) - 184.6 (171.7–209.4) - -

TAC dose (mg/day) - - 4.0 (4.0–5.0) -

TAC dose (mg/kg/day) - - 0.1 (0.1–0.1) -

TAC C0 (ng/mL) - - 11.4 (9.9–12.0)

Data are expressed as median and inter-quartile range (Q1–Q3), if not otherwise indicated. * Statistical difference
between Group 1 and Group 2, p < 0.05 of Mann–Whitney test for continuous variables. a Fisher’s exact test
for dichotomous variables. b Evaluated by Cockcroft–Gault adjusted for body weight. c Evaluated by CKD-EPI
Equation; ALT—alanine aminotransferase; AST—aspartate aminotransferase; Bas—basophils; BMI—body mass
index; C0—pre-dose drug concentration; CsA—cyclosporine; Eos—eosinophils; CrCl—creatinine clearance; GFR—
glomerular filtration rate; Group 1—(MMF + CsA group); Group 2—(MMF + TAC group); Hb—hemoglobin level;
IQR—interquartile range; Lymph—lymphocytes; Mono—monocytes; MMF—mycophenolate mofetil; Neutro—
neutrophils; Plt—platelets; RBCs—red blood cells; TAC—tacrolimus; WBCs—white blood cells.

3.2. Analysis of Patients’ Primary Outcome: PK Analysis

The results of the 12-h MPA-PK analysis performed at a median time of 2.8 months
(IQR; 1.1–6.7 months) in Group 1 and at 2.6 months post-transplant (IQR: 2.3–5.6 months)
in Group 2 are shown in Table 2.

Table 2. Patients’ mycophenolic acid pharmacokinetics data in Group 1 and Group 2.

Parameter Group 1 Group 2

Median IQR Median IQR p-Value Ratio

MMF dose (mg/day) 1500 1500–2000 1500 1500–2000 1 1

MPA-C0 (µg/mL) 1.20 0.66–1.75 2.83 2.08–5.83 0.0014 * 2.35

MPA dose-adjusted C0 (µg/mL/g) 0.78 0.44–0.89 2.11 1.27–2.95 0.0014 * 2.70

MPA-Cmax (µg/mL) 12.05 3.84–14.27 14.06 11.50–18.07 0.1769 1.16

MPA dose-adjusted
Cmax (µg/mL/g) 5.55 3.15–9.40 9.52 5.58–14.41 0.1021 1.72

Tmax (min) 75 52.50–120.00 75 63.75–120.00 0.8806 1

MPA Cl/F (L/h) 24.63 18.85–32.12 12.28 10.18–18.34 0.0056 * 0.50

MPA-AUC0–12h (mg·h/L) 36.05 22.95–47.85 67.60 52.75–80.30 0.0036 * 1.88
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Table 2. Cont.

Parameter Group 1 Group 2

Median IQR Median IQR p-Value Ratio

MPA dose-adjusted
AUC0–12h (mg·h/L/g) 20.40 15.57–26.58 40.73 27.50–50.63 0.0056 * 2.00

MPA-AUC0–2h (mg·h/L) 13.80 3.67–19.55 16.31 14.97–29.23 0.1021 1.18

MPA dose-adjusted AUC0–2h
(mg·h/L/g) 7.28 3.63–10.51 12.92 7.94–21.67 0.1021 1.77

MPA-AUC4–12h (mg·h/L) 12.12 8.48–17.40 27.91 16.09–42.17 0.0230 * 2.30

MPA dose-adjusted
AUC4–12h (mg·h/L/g) 8.10 5.84–9.25 17.77 11.67–24.46 0.0036 * 2.19

* Statistical difference between Group 1 and Group 2, p < 0.05 of Mann–Whitney test. AUC0–2h—area under the
0–2-h concentration–time curve; AUC4–12h—area under the 4–12-h concentration–time curve; AUC0–12h—area
under the 12-h concentration–time curve; Cmax—peak drug plasma concentration; Cl/F—apparent clearance;
Group 1—(MMF + CsA group); Group 2—(MMF + TAC group); IQR—interquartile range; MMF—mycophenolate
mofetil; MPA—mycophenolic acid; Ratio—degree of the differences between the Group 2 vs. Group1; Tmax—time
to reach the maximum drug plasma concentration.

Absolute and dose-adjusted MPA-C0 values were significantly higher in Group 2 (p = 0.001),
and the ratio between median values of the two groups was 2.35 and 2.70, respectively.

The Tmax, absolute, and dose-adjusted MPA-Cmax and AUC0–2h results did not show a
statistically significant difference between the two groups of treatment.

MPA-AUC0–12h absolute and dose-adjusted values were significantly higher in Group
2 (p = 0.04; p = 0.06, respectively) as shown in Figure 1a,b, and the ratio between median
values were 1.88 and 2, respectively (Table 2). On the other hand, MPA Cl/F (L/h) in the
Group 1 was higher than in Group 2 (p = 0.006) (Figure 1c).

The main difference in the MPA-PK profiles between the two immunosuppressive
treatments was observed at the MPA-AUC4–12h. In Group 1, MPA absolute and dose-
adjusted AUC4–12h were significantly reduced compared to Group 2 (p = 0.023, p = 0.0036,
respectively), as shown in Figure 2a,b. The absolute and dose-adjusted MPA-AUC4–12h
ratios between Group 2 and Group 1 median values were 2.30 and 2.19, respectively
(Table 2).

We investigated whether other parameters such as age, sex, renal function, drug
clearance, weight and BMI could interfere with the PK differences observed, according to
cotreatments, but no correlations were found by Spearman Correlation (r < 0.6) and Mann-
Whitney tests (p > 0.05). It was highlighted only a difference in terms of the MPA–AUC0–2h
among female and male patients (median values: 25.9; IQR: 15.8–29.4 vs. 13.7; IQR: 4.6–17.1
respectively; p = 0.03).

3.3. Descriptive Analysis of Patients Reporting Acute Cellular Rejection

Out of twenty-one treated patients, eight (38.1%) experienced ACR (six males and two
females). Their daily median MMF dose was 1750 mg (IQR: 1375.0–2000.0), corresponding
to 24.1 mg/kg/day (IQR: 19.4–30.7). Seven of them (87.5%) were co-treated with CsA, and
we investigated the impact of CNIs co-treatments on ACR (Table 3).

The grade of rejection ranged from mild to severe (grade 1R–3R, as shown in Table 4).
It occurred at a median time of 3.0 months (IQR: 2.5–10.1) after HTx.
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range (30–60 mg·h/L). Nomenclature: AUC0–12h—area under the 12 h concentration–time curve; 
Cl/F—apparent clearance; CsA—cyclosporine; MPA—mycophenolic acid; MMF—mycophenolate 
mofetil; TAC—tacrolimus. 

Figure 1. Comparison of (a) MPA–AUC0–12h; (b) dose-adjusted MPA–AUC0–12h; (c) MPA–CL/F, between
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Whitney test. Median values with the corresponding 95% confidence intervals (bars). Dots represent the
outliers. In (a), the interval between the dotted lines represents the therapeutic range (30–60 mg·h/L).
Nomenclature: AUC0–12h—area under the 12 h concentration–time curve; Cl/F—apparent clearance;
CsA—cyclosporine; MPA—mycophenolic acid; MMF—mycophenolate mofetil; TAC—tacrolimus.
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17.1 respectively; p = 0.03). 

3.3. Descriptive Analysis of Patients Reporting Acute Cellular Rejection 
Out of twenty-one treated patients, eight (38.1%) experienced ACR (six males and 

two females). Their daily median MMF dose was 1750 mg (IQR: 1375.0–2000.0), 
corresponding to 24.1 mg/kg/day (IQR: 19.4–30.7). Seven of them (87.5%) were co-treated 
with CsA, and we investigated the impact of CNIs co-treatments on ACR (Table 3). 

Table 3. The impact of cyclosporine and tacrolimus co-treatments in patients with and without acute 
cellular rejection (ACR). 

 
CsA-Treated  

Patients 
N (%) 

TAC-Treated  
Patients 

N (%) 

Total 
N (%) 

Fisher’s Exact 
Test 

p-Value 
ACR Patients 7 (58.3) 1 (11.1) 8 (38.1) 

0.067 NACR Patients 5 (41.7) 8 (88.9) 13 (61.9) 
Total 12 (100) 9 (100) 21 (100) 
ACR—acute cellular rejection; CsA—cyclosporine; NACR—not acute cellular rejection; TAC—
tacrolimus. 

The grade of rejection ranged from mild to severe (grade 1R–3R, as shown in Table 
4). It occurred at a median time of 3.0 months (IQR: 2.5–10.1) after HTx. 

Figure 2. Comparison of (a) MPA–AUC4–12h; (b) dose-adjusted MPA–AUC4–12h; between Group 1
(MMF + CsA group) and Group 2 (MMF + TAC group) and corresponding p-value of the Mann–
Whitney test. Median values with the corresponding 95% confidence intervals (bars). Dots represent
the outliers. Nomenclature: AUC4–12h—area under the 4–12-h concentration–time curve; CsA—
cyclosporine MPA—mycophenolic acid; MMF—mycophenolate mofetil; TAC—tacrolimus.
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Table 3. The impact of cyclosporine and tacrolimus co-treatments in patients with and without acute
cellular rejection (ACR).

CsA-Treated Patients
N (%)

TAC-Treated Patients
N (%)

Total
N (%)

Fisher’s Exact Test
p-Value

ACR Patients 7 (58.3) 1 (11.1) 8 (38.1)

0.067NACR Patients 5 (41.7) 8 (88.9) 13 (61.9)

Total 12 (100) 9 (100) 21 (100)

ACR—acute cellular rejection; CsA—cyclosporine; NACR—not acute cellular rejection; TAC—tacrolimus.

Table 4. Patients’ acute cellular rejection (ACR) grading.

Parameter N (%)

Patients reporting ACR ISHLT 1R (N, %) 5 (62.5%)

Patients reporting ACR ISHLT 2R (N, %) 2 (25.0%)

Patients reporting ACR ISHLT 3R (N, %) 1 (12.5%)
The percentage is referred to the total of ACR patients. ACR—acute cellular rejection; ISHLT—International
Society for Heart and Lung Transplantation; 1R—mild grade; 2R—moderate grade; 3R—severe grade.

The TDM was performed at a median time of 1.04 months (IQR: −1.91–3.36) from
ACR assessment. To investigate the presence of potential bias due to a different intake
of CNIs, we compared NACR and ACR patients according to the CsA or TAC daily dose
co-treatment. No differences in terms of daily dose for each CNIs were found with regard to
CsA (p = 0.56), with a median CsA daily dose equal to 200 mg/kg/day (IQR: 168.75–212.5)
among NACR vs. 200 mg/kg/day (IQR: 162.5–343.75) among ACR patients. Due to just a
single case of ACR in the TAC-treated group, the test could not be performed.

MPA PK parameters in NACR and ACR patients are reported in Table 5.

Table 5. Pharmacokinetics description in NACR and ACR patients.

Parameter NACR Pts ACR Pts

Median IQR Median IQR p-Value Ratio

MMF dose (mg/day/kg) 26.32 20.14–29.46 24.09 18.21–34.04 0.86 0.91

MPA-AUC0–12h (mg·h/L) 60.60 40.45–72.10 31.85 22.95–47.10 0.0248 * 1.90

MPA dose-adjusted AUC0–12h
(mg·h/L/g) 29.53 21.57–43.17 20.40 16.57–23.98 0.0298 * 1.45

MPA-C0 (µg/mL) 2.11 1.62–2.95 1.35 0.70–2.10 0.3106 1.60

MPA dose-adjusted C0 (µg/mL/g) 1.10 0.73–2.13 0.84 0.60–1.14 0.4257 1.31

MPA-Cmax (µg/mL) 14.06 11.88–16.02 8.95 3.88–11.56 0.0074 * 1.60

MPA dose-adjusted Cmax
(µg/mL/g) 8.89 5.45–12.89 4.48 3.15–5.96 0.0357 * 1.98

MPA-C12 (µg/mL) 2.14 1.74–3.29 0.91 0.77–1.21 0.0030 * 2.36

MPA dose-adjusted C12 (µg/mL/g) 1.33 0.99–2.29 0.63 0.49–0.91 0.0059 * 1.60

* Statistical difference between NACR and ACR patients, p < 0.05 of Mann–Whitney test. Nomenclature:
AUC0–12h—area under the 12-h concentration–time curve; ACR—acute cellular rejection; ACR pts—patients
who developed ACR; NACR pts—patients who did not develop ACR; C0—pre-dose drug plasma concentration;
C12—12 h post-dose drug plasma concentration; Cmax—peak drug plasma concentration; IQR—interquartile
range; MPA—mycophenolic acid; Ratio—degree of the differences between the NACR vs. ACR patients.

MPA-AUC0–12h median value in NACR patients was higher than in ACR patients
(p = 0.02), as shown in Figure 3a, and the ratio between median values was 1.9 (Table 5).
These results were also confirmed for the dose-adjusted parameter (Table 5). No statistically
significant difference in MPA-C0 between the two groups of patients was found (Table 5).
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On the contrary, NACR recipients presented a higher MPA-Cmax (p = 0.007), as shown in
Figure 3b, than ACR, and the ratio between the median values was 1.6 (Table 5). Signifi-
cantly increased values were evidenced for MPA-C12h (p = 0.003), as shown in Figure 3c,
and the ratio between NACR and ACR recipients was 2.4 (Table 5).

Pharmaceutics 2022, 14, x FOR PEER REVIEW 9 of 13 
 

 

  
(a) (b) 

 

 

(c)  

Figure 3. Comparison of (a) MPA–AUC0–12h, (b) MPA–Cmax, and (c) MPA–C12 between NACR and 
ACR patients and corresponding p-value of the Mann–Whitney test. Median values with the 
corresponding 95% confidence intervals (bars). In (a), the interval between the dotted lines 
represents the therapeutic range (30–60 mg·h/L). Dots represent the outliers. Nomenclature: AUC0–

12h—area under the 12-h concentration–time curve; Cmax—peak drug plasma concentration; C12—12 
h post-dose drug plasma concentration, ACR pts—patients who developed acute cell rejection; 
NACR pts—patients who did not develop acute cell rejection. 

4. Discussion 
MPA-PK profile can be influenced by the CNIs co-treatment, as evidenced by the 

effect of CsA on MPA EHC [6]. Due to the critical conditions of patients in the early post-
HTx period [15] and the possible pharmacological interaction of the co-administration of 
immunosuppressive agents, the TDM of MPA could play a pivotal role in the context of 
precision medicine in clinical practice. In this study on HTx recipients treated with MMF, 
we found marked differences in MPA-AUC0–12h, which were influenced by the co-
administered CNI, resulting in a two-fold higher exposure in patients co-treated with 
TAC. No influences of CsA or TAC were observed on both MMF adsorption and 
bioavailability, as supported by our data on MPA AUC0–2h, Cmax and Tmax. On the contrary, 
we evidenced a higher dose-adjusted MPA-AUC4–12h in Group 2 than in Group 1 and a 
higher MPA-Cl/F in Group 1. These results suggest the inhibition of EHC by CsA in HTx 
recipients. The higher MPA trough levels observed in Group 2 (Table 2) could be 
explained by the interference of CsA on MPA EHC since it frequently occurs from 6 to 12 
h after MMF administration. Considering the confounding factor of MMF administered 
dose, MPA-PK parameters were adjusted for daily dose. This approach presumed 
linearity between MMF doses and MPA exposure. By comparing the absolute and dose-

Figure 3. Comparison of (a) MPA–AUC0–12h, (b) MPA–Cmax, and (c) MPA–C12 between NACR
and ACR patients and corresponding p-value of the Mann–Whitney test. Median values with the
corresponding 95% confidence intervals (bars). In (a), the interval between the dotted lines represents
the therapeutic range (30–60 mg·h/L). Dots represent the outliers. Nomenclature: AUC0–12h—area
under the 12-h concentration–time curve; Cmax—peak drug plasma concentration; C12—12 h post-
dose drug plasma concentration, ACR pts—patients who developed acute cell rejection; NACR
pts—patients who did not develop acute cell rejection.

All these differences were confirmed by the analysis of the corresponding dose-
adjusted parameters, as shown in Table 5.

4. Discussion

MPA-PK profile can be influenced by the CNIs co-treatment, as evidenced by the
effect of CsA on MPA EHC [6]. Due to the critical conditions of patients in the early
post-HTx period [15] and the possible pharmacological interaction of the co-administration
of immunosuppressive agents, the TDM of MPA could play a pivotal role in the context
of precision medicine in clinical practice. In this study on HTx recipients treated with
MMF, we found marked differences in MPA-AUC0–12h, which were influenced by the co-
administered CNI, resulting in a two-fold higher exposure in patients co-treated with TAC.
No influences of CsA or TAC were observed on both MMF adsorption and bioavailability, as
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supported by our data on MPA AUC0–2h, Cmax and Tmax. On the contrary, we evidenced a
higher dose-adjusted MPA-AUC4–12h in Group 2 than in Group 1 and a higher MPA-Cl/F in
Group 1. These results suggest the inhibition of EHC by CsA in HTx recipients. The higher
MPA trough levels observed in Group 2 (Table 2) could be explained by the interference
of CsA on MPA EHC since it frequently occurs from 6 to 12 h after MMF administration.
Considering the confounding factor of MMF administered dose, MPA-PK parameters were
adjusted for daily dose. This approach presumed linearity between MMF doses and MPA
exposure. By comparing the absolute and dose-adjusted MPA PK parameters, linearity
between dose and concentration was confirmed, as suggested by Cattaneo et al. in renal
transplant patients [4].

These data are aligned to a similar study involving 62 HTx recipients, where patients
co-treated with CsA and MMF showed higher MPA exposure and pre-dose levels than
patients co-treated with sirolimus, confirming the effect of CsA on MPA exposure as
evidenced in our study [22]. Previous studies have already shown that CsA could influence
MPA-AUC0–12h affecting MPA EHC [2] and MPA-Cl [5]. Nevertheless, this PK interaction
has been well documented in renal transplant recipients [4,22,23], whereas there is a paucity
of data from studies investigating not-renal transplant recipients, where renal clearance
and drugs half-life should be less involved.

The impact of MPA TDM on HTx has been less studied, differently from renal trans-
plant. Two reviews resumed the previous clinical trials in the HTx setting, investigating
a relationship between MPA-PK parameters and therapy outcomes [24,25]. Although
the prevention of ACR in HTx patients is not totally defined, it has been suggested that
MPA-AUC0–12h monitoring represents a more effective strategy to prevent rejection than a
single-time point model [24]. For this reason, in this pilot study, we exploratively described
the PK parameters in NACR and ACR patients, obtaining results in terms of absolute and
dose-adjusted MPA-AUC0–12h (p < 0.03), which are aligned with the main relevant data in
the literature. De Nofrio et al. showed in 38 Htx recipients that patients with a grade 2
or 3 rejection had a lower mean total MPA-AUC0–12h (26.1 ± 6.6 vs. 42.8 ± 14.0 mg·h/L,
p < 0.08), while no effect of MPA trough level was found [26]. According to the last Consen-
sus Report by the International Association of Therapeutic Drug Monitoring and Clinical
Toxicology on MMF, different thresholds have been proposed [6]. Figurski et al. showed in
21 HTx patients that an MPA-AUC0–12h < 36.2 mg·h/L in the first two weeks post-transplant
was associated with a higher risk of ACR, with high sensitivity (0.8) and specificity (0.8),
although the statistical significance was not reached [13]. Woillard et al. identified for
MPA-AUC0–12h a threshold of 50 mg·h/L, below which there was a higher risk of rejection,
stratifying patients for CNI exposure (p = 0.002) [12].

In this study, since no MMF dose changes occurred, we supposed that ACR patients
were less exposed to immunosuppressive maintenance treatment than NACR patients.
Due to the higher prevalence of ACR recipients in Group 1 compared to Group 2, this
clinical outcome could also be attributable to the influence of CsA on MPA-AUC0–12h. The
Fisher exact test we performed to explore this hypothesis showed only a trend (p-value
0.067), probably due to a limited number of patients included in our analysis. Furthermore,
we evidenced a statistically significant difference between NACR and ACR patients not
only on MPA-Cmax (p = 0.01) but also on MPA-C12 (p = 0.003), which previous studies
demonstrated an acceptable correlation to the entire MPA-AUC0–12h [7,27,28]. These data
confirmed the strong relationship between total drug exposure and immunosuppressive
efficacy. On the contrary, MPA-C0 does not statistically discriminate between ACR and
NACR patients in our analysis, resulting in a weak surrogate marker of total drug exposure
and efficacy. Hence, the estimation of MPA-AUC0–12h by a limited sampling scheduled
should be preferred to a pre-dose determination. Alternatively, if only one sample can be
obtained, Kaczmareck et al. showed that MPA-C12 could be a better efficacy biomarker than
MPA-C0 due to the scheduled sampling time strongly linked to dose administration [29].

In our analysis, we excluded possible PK interpretation biases such as the interference
of glucocorticoids in MPA exposure and bilirubinemia. Glucocorticoids induce the expres-
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sion of UDP-GT, the inactivating enzyme of MPA [2]. Nevertheless, all patients received
the same mg/kg/day dose of prednisone, not representing a confounding variable. On the
other hand, MPA-AUC0–12 could be affected by bilirubinemia, which was different in Group
1 and Group 2 [23]. High plasmatic bilirubin levels could displace MPA from albumin
binding sites, thus affecting its total exposure [30]. We excluded this possible influence
since our patients did not show clinically relevant high levels of plasmatic bilirubin, and
hyperbilirubinemia does not significative affect the free active MPA concentration [27]. We
did not consider the different baseline platelet levels in Group 1 and Group 2 since no data
in the literature show possible influence on immunosuppressive treatments.

Due to the small number of patients and the retrospective and observational nature of
this study, MPA-AUC0–12h was measured by a single PK profile analysis per patient which
was not executed at the same time for all the enrolled patients and not strictly close to
ACR, as it was executed by clinical practice, not following a specific study protocol. Hence,
no conclusive results can be obtained. However, we assumed that MPA-PK parameters
were most likely stable during the observational time since physicians did not observe
any clinical conditions requiring a dose adaptation of the standard immunosuppressive
regimen. Furthermore, MPA PK prospective studies on heart and renal transplants did not
show relevant variability of these parameters during the first year of treatment, considering
both absolute and dose-adjusted data [4,13]. This misalignment between PK measurements
and clinical assessments could represent the major source of bias that prevented us from
assessing whether there was a meaningful clinical relation between ACR and low MPA
exposure. Nevertheless, the PK parameters we found in our analyses were consistent with
other similar PK studies in terms of (a) increased Cl/F in Htx recipients co-treated with CsA
compared to TAC, (b) two-fold increased AUC0–12h in TAC than in CsA co-treated patients,
and (c) identification of a relevant MPA-EHC in TAC co-treated recipients [4,20]. Another
source of bias in this study could be related to the overall study group composition, mainly
represented by men, whereas Group 2 included a high percentage of women. However,
MPA-PK generally is not influenced by gender [2,31], although it was recently suggested
for MPA and MPAG PK in stable renal transplant recipients receiving enteric coated
mycophenolate sodium combined with TAC [32]. Interestingly, in our analysis, we did
not observe any relevant PK differences, except for the MPA-AUC0–2h, suggesting a better
absorption of MMF in female patients than in male patients.

Due to the aforementioned limitations, our findings cannot be transferred into clinical
practice. A prospective study with homogeneous scheduled serial measurements per
subject, from the enrolment up to the development of rejection, is required.

5. Conclusions

This pilot study evidenced that TAC or CsA co-administration could affect MPA
exposure in HTx recipients. This effect is attributable to MPA EHC suppression and
consequent MPA-Cl augmentation by CsA. These results have to be prospectively validated
in order to support a precision medicine approach in routine clinical practice. MPA TDM
represents a relevant supporting tool for clinicians, especially in the early post-transplant
period, when MMF is administered at a fixed dose. In this context, the estimation of the
MPA-AUC0–12 by a few sampling points (i.e., limited sampling strategies) is a more effective
approach than a single sample point model (i.e., C0). This method could optimize MMF
efficacy and minimize adverse effects, especially when recipients are switched from CsA to
TAC or vice versa. The findings of our explorative study can be used in order to design a
future prospective trial aiming to identify the optimal thresholds for the main clinically
relevant MPA-PK parameters, stratifying patients for the co-administered CNI after HTx.

All these data further support the MPA TDM employment in clinical practice.
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Abstract: For patients with myelofibrosis, allogeneic hematopoietic stem cell transplantation (allo-
HSCT) remains the only curative treatment to date. Busulfan-based conditioning regimens are
commonly used, although high inter-individual variability (IIV) in busulfan drug exposure makes
individual dose selection challenging. Since data regarding the IIV in patients with myelofibrosis are
sparse, this study aimed to develop a population pharmacokinetic (PopPK) model of busulfan and
its metabolite sulfolane in patients with myelofibrosis. The influence of patient-specific covariates on
the pharmacokinetics of drug and metabolite was assessed using non-linear mixed effects modeling
in NONMEM®. We obtained 523 plasma concentrations of busulfan and its metabolite sulfolane
from 37 patients with myelofibrosis. The final model showed a population clearance (CL) and
volume of distribution (Vd) of 0.217 L/h/kg and 0.82 L/kg for busulfan and 0.021 L/h/kg and
0.65 L/kg for its metabolite. Total body weight (TBW) and a single-nucleotide polymorphism of
glutathione-S-transferase A1 (GSTA1 SNP) displayed a significant impact on volume of distribution
and metabolite clearance, respectively. This is the first PopPK-model developed to describe busulfan’s
pharmacokinetics in patients with myelofibrosis. Incorporating its metabolite sulfolane into the model
not only allowed the characterization of the covariate relationship between GSTA1 and the clearance
of the metabolite but also improved the understanding of busulfan’s metabolic pathway.

Keywords: busulfan; sulfolane; myelofibrosis; population pharmacokinetics

1. Introduction

Myelofibrosis is a chronic myeloproliferative disorder that is characterized by a
cytokine-mediated fibrosis of the bone marrow. This results in extramedullary hematopoiesis
in the liver and spleen, often accompanied by enlargement of both organs [1]. Genetic
aberrations of the genes JAK2, MPL and CALR were identified as the cause of this myelo-
proliferative disorder [2] and deemed relevant to clinical decision-making with regard to
prognosis as well [3]. Since comprehensive mutational profiling has shown that most pa-
tients carry a JAKV617F mutation, initial therapy with the JAK1/JAK2 inhibitor ruxolitinib
may reduce splenomegaly and improve performance status [4].

However, allogeneic hematopoietic stem cell transplantation (allo-HSCT) remains
the only curative treatment to date. Prior to allo-HSCT, patients typically undergo either
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reduced intensity conditioning (RIC) [5] or myeloablative conditioning (MAC) [6,7] with
busulfan and fludarabine.

Regarding other neoplastic diseases, the relationship between busulfan drug exposure
and patient outcome after allo-HSCT has been investigated extensively. On the one hand,
under-exposure is associated with higher risks of relapse and graft rejection, and on the
other hand, over-exposure more frequently results in organ toxicity, sinusoidal obstructive
syndrome (SOS), acute graft-versus-host disease (aGvHD) and overall higher treatment-
related mortality (TRM) [8–11]. It is also known that busulfan has a high inter-individual
variability (IIV) considering the ratio of dose and drug exposure, which makes individual
dose selection challenging. Therefore, to maintain the narrow therapeutic range, it is
recommended to conduct therapeutic drug monitoring (TDM) for higher dose busulfan in
MAC conditioning regimens [9,12].

Studies that have investigated other neoplastic diseases found that patient-specific
covariates such as age, weight, body surface area or co-medication might affect the clearance
(CL) or volume of distribution (Vd) of busulfan and, therefore, may explain the IIV [13–18]
as well as the inter-occasion variability (IOV) [14,19,20].

Since patients with myelofibrosis have an elevated risk of hepatotoxicity and impaired
liver function due to extramedullary hematopoiesis, PK parameters of busulfan might
additionally be affected. However, data describing the pharmacokinetic variability of
busulfan prior to allo-HSCT in patients with myelofibrosis are sparse.

Overall, the pharmacokinetics of busulfan are complex, considering that its metabolic
pathway is still not fully understood. Lawson et al. describe the conjugation of busulfan
with glutathione through different isoenzymes of glutathione-S-transferase (GST), which
eventually results in the four major metabolites: tetrahydrothiophene (THT), THT-1-oxide,
sulfolane and 3-hydroxysulfolane [21]. Two of the most prominent isoenzymes are GSTA1
and GSTM1, and therefore, their impact on busulfan CL was subject to several investiga-
tions. In every population pharmacokinetic (PopPK) model, except one [22], it was found
that polymorphisms correlate with a decrease in CL [23–26].

In order to get a better understanding of busulfan’s metabolic pathway, joint PK-
modeling of the parent drug and its metabolite seems sensible as it might account for
uncertainties in the model and consequently improve the parameter estimations [27].
Moreover, a metabolic ratio of busulfan/sulfolane ≥5 is associated with a higher rate of
graft failure and decreased event-free survival (EFS) [28]. However, none of busulfan’s
metabolites have yet been incorporated into a PopPK model.

Therefore, this study aimed to develop a PopPK model of busulfan and its metabolite
sulfolane by examining known and determining new patient-specific covariates to explain
busulfan’s inter-individual variability in patients with myelofibrosis.

2. Materials and Methods
2.1. Patients and Data Collection

Patients of both sexes aged ≥18 years with diagnosed myelofibrosis that were sched-
uled for allo-HSCT with previous reduced intensity busulfan/fludarabine conditioning
therapy at the University Medical Center Hamburg–Eppendorf between November 2018
and June 2020 were included after written informed consent. We also obtained writ-
ten consent from patients who already underwent allo-HSCT between October 2016 and
October 2017 and met the same criteria for enrollment. The single-center, prospective and
partly retrospective, observational study was approved by the local Ethics Committee of the
Hamburg Chamber of Physicians on 16 October 2018 (approval number: PV5842) and reg-
istered at the German Clinical Trials Register, number DRKS00015217, on 31 October 2018.

Patient demographics and routine clinical data, such as levels of aspartate transam-
inase (AST), alanine transaminase (ALT), bilirubin, alkaline phosphatase (AP), results
of elastography by Fibroscan, and genetic and other diagnostic markers, were obtained
from the electronic patient record before busulfan administration. Scores according to the
Dynamic International Prognostic Scoring System (DIPSS) for primary myelofibrosis and
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myelofibrosis secondary to PV and ET (MYSEC) for post-polycythemia vera (Post-PV) and
post-essential thrombocythemia (Post-ET) myelofibrosis were determined to predict patient
outcomes [29–31]. Treatment-related adverse events and outcomes (mucositis, aGvHD,
cGvHD, SOS, relapse, death) were evaluated for one year after allo-HSCT.

Continuous variables are reported as medians with interquartile ranges (IQR) and
discrete variables as counts (percentages).

2.2. Dosing, Pharmacokinetic Sampling and Quantification

Depending on the therapy standards at the time of enrollment, patients received either
10 doses of i.v. busulfan (0.8 mg/kg) every 6 h with a 2 h infusion rate (Q6H) or were dosed
with three busulfan infusions every 24 h with an initial dose of 3.2 mg/kg and a 3 h infusion
rate, followed by dose adjustment if necessary to achieve a cumulative area under the
curve (cAUC) of 50 mg × h/L (Q24H). Furthermore, all patients received fludarabine and
anti-thymocyte globulin (ATG) as part of the conditioning chemotherapy and levetiracetam
as anticonvulsant prophylaxis. Comedications that are commonly known for their drug–
drug interactions with busulfan, such as phenytoin, metronidazole, or azoles, were not
administered during busulfan treatment.

For Q6H, blood samples were drawn 2.08, 3, 4 and 5.5 h after the start of the first and
ninth infusion with an additional trough sample 5.5 h after start of the fifth infusion. For
Q24H, sampling was conducted at 3.08, 4, 5 and 6.5 h after the start of the first infusion.
Blood samples were drawn into serum tubes, immediately stored at 2–8 ◦C and centrifuged
(2000 rpm, 10 min at 4 ◦C) shortly after. Supernatant plasma was separated into two aliquots
and stored at −80 ◦C until analysis.

Busulfan was quantified at the Department of Legal Medicine at the University Medical
Center Hamburg–Eppendorf using a validated gas chromatography with mass spectro-
metric detection method. The quantification of sulfolane was conducted according to the
bioanalytical method of McCune et al. using a QTRAP 5500 mass spectrometer (SCIEX,
Framingham, MA, USA) coupled with a 1290 Infinity HPLC II (Agilent Technologies, Santa
Clara, CA, USA) [32] at the Dept. of Clinical Pharmacy, Institute of Pharmacy, Univer-
sity of Hamburg. A detailed description of the bioanalytical method is provided in the
Supplementary Materials.

2.3. Genotyping

DNA samples were obtained from bone marrow or peripheral blood samples before
transplantation. Genotyping was performed by real-time quantitative polymerase chain
reaction (PCR) on a LightCycler 480 II (Roche Diagnostics, Penzberg, Germany).

In order to find the GSTA1 * B haplotype, which was reported to have a significantly
decreased promoter activity [33], we analyzed the DNA for the single-nucleotide polymor-
phism (SNP) −52G > A (rs3957356) according to the method published by Ansari et al. [24].
GSTM1 deletion was detected as described by Choi et al. [23]. The primer sets used for the
genotyping assays are reported in the Supplementary Materials.

2.4. PopPK Analysis

PopPK modeling was carried out in NONMEM® (version 7.4.3, ICON, Gaithersburg,
MD, USA) using non-linear mixed-effect modeling. First-order conditional estimation
with interaction (FOCE-I) between inter-individual and residual random effects was used
throughout the process. Pirana version 3.0.1 (Certara, Princeton, NJ, USA) was used as
run manager [34] and R version 4.1.2 (R Foundation for Statistical Computing, Vienna,
Austria) was used for the exploratory data analysis and graphical postprocessing of the
NONMEM® output.

Nested models were compared using the likelihood-ratio test (alpha = 0.05, one degree
of freedom), where a drop in objective function value (OFV) of 3.84 was considered as a
significant improvement. Non-nested models were compared by the Akaike information
criterion (AIC), for which superior models are indicated by a lower score [35]. Goodness-of-
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fit (GOF) plots, such as observed vs. population-predicted (PRED) and individual-predicted
concentrations (IPRED) or conditional weighted residuals vs. time after dose and PRED,
as well as eta shrinkage, were used for evaluation. A shrinkage below 30% was deemed
acceptable [36].

Additive and proportional residual error models, as well as a combination of both,
were tested to describe residual variability of both busulfan and sulfolane. Since intra-
individual variability in busulfan pharmacokinetics is frequently observed during ther-
apy [20], we also tested IOV on both CL and Vd of busulfan and sulfolane. The L2 data
item in NONMEM® was used in order to test the correlation between the parent drug and
its metabolite concentration measurements.

2.5. Covariate Model

After an initial screening for physiological plausibility and subsequent visual inspec-
tion to evaluate if there were correlations with individual estimates of the PK parameters,
potential covariates were incorporated into the model using linear, exponential or power
functions where appropriate. Statistical evaluation was carried out by a stepwise covariate
modeling approach with alpha ≤ 0.05 (∆OFV ≥ −3.84) in the forward inclusion step and
alpha ≤ 0.01 (∆OFV ≥ 6.64) in the backward elimination step.

Categorical covariates (GSTA1 SNP, GSTM1 deletion, sex, driver mutations) were
coded as 0 or 1, whereas continuous variables (age, weight, height, BSA, serum levels,
Fibroscan) were centered around their median value. Missing values for Fibroscan were
imputed using the population median.

Eventually, the cAUC of all patients, as well as the clearance of busulfan after the first
and ninth dose, were calculated by using the individual estimates of the final model for
each patient.

2.6. Model Evaluation

Evaluation of the final model was performed by using a prediction-corrected visual
predictive check (pcVPC) [37] with 1000 simulations and stratification based on predicted
concentrations of the parent and metabolite as well as on the dosing regimen. Subsequently,
the sampling-importance resampling (SIR) method (M/m = 5000/1000) was used to eval-
uate model robustness and determine the 95% confidence intervals (CI) of the estimated
parameters [38].

3. Results
3.1. Patients and Data

In total, 37 patients diagnosed with myelofibrosis undergoing reduced conditioning
chemotherapy with busulfan prior to allo-HSCT were included in this study. Thirty patients
were included in the prospective part of the study and seven more patients consented
to provide their data, measured busulfan plasma concentrations and remaining DNA
samples for genotyping for retrospective analysis. The study population consisted of
19 female and 18 male patients, typically aged 60 years (median, IQR 53.5–65.5 years), with
a median total body weight (TBW) of 75 kg (IQR 64.05–88.25 kg). Briefly, 18 patients had
primary myelofibrosis, whereas 9 and 10 patients were diagnosed with Post-ET or Post-PV
myelofibrosis, respectively.

A GSTA1 SNP was found in 28 patients (75.7%), whereas a GSTM1 deletion was
detected in 19 patients (51.35%), and 10 patients (27%) had a combination of both. Overall,
523 plasma concentrations of busulfan and sulfolane were included in the PK analysis, from
which 282 were parent drug and 241 were metabolite concentrations. In comparison, there
were more busulfan plasma concentrations available, since sulfolane plasma concentrations
could only be obtained from patients in the prospective part of the study.

In total, seven plasma concentrations were excluded from the analysis due to mis-
handling or implausible concentrations, and 70 sulfolane plasma concentrations (13.4%
of all plasma concentrations) were below the limit of quantification (BLQ, lower limit
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of quantification = 0.04 mg/L). The median cAUC of busulfan was 36.06 mg × h/L
(range: 25.67–61.85 mg × h/L). Individual busulfan clearance (Figure S1) decreased from
17.16 L/h after the first dose (median, range: 10.55–22.36 L/h) to 16.47 L/h (median, range:
10.05–19.27 L/h) after the ninth dose. An overview of patient characteristics and clinical
data is presented in Table 1.

Table 1. Patient demographic and clinical data.

Patient Characteristics (n = 37) Median [IQR] or n (%)

Age [years] 60 [53.5–65.5]
Sex [female/male] 19 (51.4)/18 (48.6)

Weight [kg] 75 [64.05–88.25]
Height [cm] 174 [168–181]

BSA [m2] 1.84 [1.75–2.07]
Diagnosis

PMF 18 (48.7)
Post-ET MF 9 (24.3)
Post-PV MF 10 (27)

Dosing regime
Q6H 30 (81)

Q24H 7 (19)
DIPSS/MYSEC
Intermediate-1 2 (5)/1 (3)
Intermediate-2 15 (40)/14 (38)

High Risk 1 (3)/4 (11)
Mutation

JAK2 26 (70.3)
CALR 7 (18.9)
MPL 1 (3)
TET2 9 (24.3)

ASXL1 13 (35.1)
Blood chemistry, serum levels

AST [U/L] 21 [15.5–31.5]
ALT [U/L] 21 [18.5–47.5]

De Ritis Ratio 0.76 [0.58–1.07]
Albumin [g/L] 37.8 [34.6–41.4]

Alkaline Phosphatase [U/L] 85 [63–115]
Bilirubin [mg/dL] 0.6 [0.5–0.8]

Fibroscan [kPa] 5.6 [4.8–7]
Missing Data 14 (37.8)

GSTA1 52G > A 28 (75.7)
GSTM1 Deletion 19 (51.35)

Mucositis Grade 1/2/3/4 10 (27)/14 (38)/1 (2.7)/1 (2.7)
aGvHD Grade 1/2/3 10 (27)/7 (19)/4 (11)
cGvHD Grade 1/2/3 12 (32)/6 (16)/1 (2.7)

SOS 2 (5.4)
Relapse 2 (5.4)
Death 5 (13.5)

aGvHD: acute graft-versus-host-disease; ALT: alanine transaminase; AST: aspartate transaminase; cGvHD: chronic
graft-versus-host disease; DIPSS: Dynamic International Prognostic Scoring System; MYSEC: myelofibrosis secondary
to PV and ET; PMF: primary myelofibrosis; Post-ET MF: post-essential thrombocythemia myelofibrosis; Post-PV
MF: post-polycythemia vera myelofibrosis; SOS: sinusoidal obstructive syndrome.

3.2. Base Model

The pharmacokinetics of busulfan and its metabolite sulfolane were best described by
a one-compartment (1CMT) model with first-order elimination. The addition of a second
compartment (2CMT) did not significantly improve the model, as indicated by their AIC
(−1956.88 for 1CMT vs. −1956.41 for 2CMT) and lack of improvement in GOF plots.
A proportional error model was used to describe the residual variability, since a mixed
error model led to high eta shrinkage. The co-variance between the proportional error of
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busulfan (Prop. σBu) and sulfolane (Prop. σSu) was implemented by using a sigma block
employing the L2 data item. AIC dropped by 66 points when the L2 data item was used, as
the concentration between parent drug and its metabolite measurements was correlated
(11.8%). The inclusion of IIV on both CL (CLBu and CLSu) and Vd (VBu and VSu) of busulfan
and sulfolane considerably improved the model. Before including IOV, each administration,
followed by blood sampling, was defined as a new occasion. The implementation of IOV
on CLBu further improved the model (∆OFV −8.96). BLQ observations were included into
the model and accounted for by the error model.

Overall, busulfan and sulfolane plasma concentration–time profiles were adequately
described by the compartmental model presented in Figure 1.
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3.3. Covariate Model

Initially, 39 demographic or clinical variables were identified as candidates for testing.
Graphical exploration revealed 12 of them to be potential covariates, which then were
incorporated separately into the model. Lastly, seven covariates (TBW, JAK2 mutation,
GSTA1 SNP, GSTM1 deletion, De Ritis ratio, AP and bilirubin) showed a statistically
significant drop in OFV (alpha ≤ 0.05) in the forward inclusion step.

Establishing a powered relationship between TBW and VBu improved the base model
statistically from an OFV of −2655.3 to −2686.8 (∆OFV −31.5), as well as graphically, and
reduced the IIV on VBu from 18.5% to 10.4%. Incorporating JAK2 mutation on CLSu into
the model reduced the OFV by 12.6 points to −2699.4; however, parameter estimates then
became physiologically implausible, and therefore, it was discarded. The exponential
relationship between GSTA1 and CLSu yielded in a drop by 10.7 points (OFV: −2697.5) and
reduced the IIV on CLSu from 136.3% to 112.8%. A further reduction by 7.61 points was
achieved by including the De Ritis ratio on CLBu. However, this resulted in high relative
standard errors of the PK parameters and thus the relationship was not retained in the
model. An additional powered relationship between either AP or bilirubin and CLBu was
statistically significant in the forward inclusion step (∆OFV −5.56 and −5.23) but neither
reduced the IIV on CLBu substantially nor showed notable improvement in GOF plots and,
therefore, was eliminated within the backward elimination step.

The final covariate relationship on VBu (1) and CLSu (2) can be expressed as:

VBu = VBu−typ ×
(

TBW
75

)
0.854 (1)

CLSu = CLSu−typ × e 1.43 (for GSTA1)
CLSu = CLSu−typ (for non-GSTA1)

(2)
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where VBu-typ and CLSu-typ are the typical values of VBu and CLSu, 0.854 and 1.43, and
describe the effect of TBW and GSTA1 on VBu and CLSu, respectively.

For the final model, the typical CLBu and VBu for a 75 kg patient were 16.3 L/h
(IIV: 21.5% CV) and 61.5 L (IIV: 10% CV), respectively. CL and Vd of sulfolane were
estimated to be 1.61 L/h (IIV: 112.8% CV) and 48.8 L (IIV: 77.6% CV). IOV on CLBu was
7.6%. The final model estimates and their 95% CI determined by SIR are provided in
Table 2.

Table 2. Parameter estimates of the final busulfan and sulfolane PK model and SIR results.

Parameters Final Model SIR (M/m = 5000/1000)

Estimate RSE (%) Shrinkage (%) 95% CI

CLBu [L/h] 16.3 3.6 - 15.18–17.35
VBu [L] 61.5 2 - 59.37–63.78

CLSu [L/h] 1.61 37 - 0.84–2.24
VSu [L] 48.8 35.2 - 30.75–78.46

MF 0.0704 28.6 - 0.0463–0.1029
COV_VBu_TBW [kg] 0.854 11.6 - 0.665–1.059
COV_CLSu_GSTA1 1.43 43.6 - 0.63–2.40

IIV CLBu [CV%] 21.5 14.8 2 16.4–27.4
IIV VBu [CV%] 10 12 18 7.2–12.1

IIV CLSu [CV%] 112.8 26.1 22 80.3–206.2
IIV VSu [CV%] 77.6 14.2 18 59.2–106.4

IOV CLBu [CV%] 7.6 13.5 39 5.6–9.1
Prop. σBu [CV%] 7.1 12.8 14 6.3–8.2
Prop. σSu [CV%] 36.2 7.2 12 32.6–40.1

CLBu: busulfan clearance; CLSu: sulfolane clearance; COV_CLSu_GSTA1: typical pharmacokinetic parameter for
the covariate GSTA1 on CLSu; COV_VBu_TBW: typical pharmacokinetic parameter for the covariate BTW on VBu;
CV: coefficient of variation (%CV = sqrt(exp(OMEGA)-1) * 100); IIV: inter-individual variability; IOV: inter-occasion
variability; MF: metabolic fraction; OFV: objective function value; Prop. σBu: residual variability of busulfan calculated
as a proportional error; Prop. σSu: residual variability of sulfolane calculated as a proportional error; RSE: relative
standard error; SIR: sampling-importance resampling; VBu: volume of distribution of busulfan; VSu: volume of
distribution of sulfolane.

3.4. Model Evaluation

An overview of the GOF plots for the final model is shown in Figure 2. Plots of
individual predictions (Figure 2A) as well as population predictions (Figure 2B) against
observations depict an even distribution around the identity line. The conditional weighted
residuals (CWRES) show a normal distribution around the x-axis when plotted against
population predictions (Figure 2C) and time after dose (Figure 2D).

SIR was performed with a M/m ratio of 5000/1000 and revealed adequate diagnostic
plots with a proposal distribution close to the true distribution (Figure S2) and a horizontal
trend for the observed resampling proportion (Figure S4). The pcVPC with stratification
on Q6H showed overlapping observations and predictions for both busulfan (Figure 3A)
and sulfolane (Figure 3B). The pcVPC plot with stratification on Q24H is provided in the
Supplementary Materials (Figure S5).

Overall, the plots indicate a good predictive performance and robustness of the final model.
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trations; solid line = line of identity. Conditional weighted residuals (CWRES) versus population
predicted concentration (C) and time after first dose (D).
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4. Discussion

This is the first study to describe population pharmacokinetics of busulfan in patients
with myelofibrosis undergoing allo-HSCT. Moreover, this is the first study to incorporate
sulfolane into a PopPK model of busulfan in order to establish a relationship between its
metabolite and patient-specific covariates.

Our data suggests that the pharmacokinetics of busulfan and its metabolite sulfolane
are best described by a one-compartment model with first-order elimination. This lies in
accordance with most of the published PK analyses of busulfan, even though there are few
two-compartmental models for busulfan reported as well [13,26,39,40]. Most published
PopPK models of busulfan set the focus either on pediatric patients as the IIV as well as the
IOV of busulfan PK in children and young adults are even more difficult to predict [20,21]
or on large study populations including various malignancies [11,13]. However, there is
no PopPK analysis solely focused on patients with myelofibrosis to date. Considering
that patients with myelofibrosis have an elevated risk of hepatotoxicity and impaired
liver function due to extramedullary hematopoiesis on the one hand, and the fact that an
impaired liver function is associated with adverse impact on survival on the other hand [41],
determining the inter-individual pharmacokinetic variability of busulfan in patients with
myelofibrosis was overdue. The range of cAUC of busulfan (25.67–61.85 mg × h/L) in our
study shows a up to 2.4-fold difference in busulfan exposure and, therefore, confirms the
high IIV in drug exposure that is known from the literature as well. Additionally, even
though busulfan/fludarabine, as either RIC or MAC, are commonly used conditioning
regimens, there is still no defined therapeutic window for myelofibrosis.

There are only a few PopPK models of busulfan that solely include adult patients. As
McCune et al. showed, there is a maturation of clearance in pediatric patients [13] and,
consequently, the reported range for typical values of CL in the literature is considerably
wide. Our results for CLBu (16.3 L/h) and VBu (61.5 L) for a typical patient with 75 kg
TBW are generally within the range of the estimates reported in the literature. However,
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they differ from those of Choi et al., who found a CL of 11 L/h and V of 42.4 L for their
adult patients (typical patient weighing 60 kg) [23]. Since Choi et al. included various
malignancies in their analysis, the difference in population estimates might be an indicator
of the necessity for more focused PK analyses on special patient populations.

Regarding patient-specific variables, body size–related covariates and GSTA1 are, sim-
ilar to our findings, most often reported to have a significant impact on the PK of busulfan.
However, our study is the first to incorporate sulfolane into a PopPK model of busulfan.
Although our findings did not confirm that a metabolic ratio of busulfan/sulfolane ≥5 is
associated with a higher rate of graft failure and decreased event-free survival (EFS) [28],
the fact that our data indicates an IIV on CLSu of 112.8% CV underlines the complexity of
busulfan’s metabolic pathway and calls for further investigations regarding the impact of
metabolites on patient outcome as well. Moreover, the established relationship between
GSTA1 and the clearance of the metabolite in our model may seem counterintuitive at first
since sulfolane is not conjugated with glutathione. However, there are several interme-
diate metabolites within the pathway that are transitioned by different enzymes, and a
change in any of the respective enzymes’ activity could potentially impact the excretion of
sulfolane [21].

There are a few limitations to this study that need to be kept in mind. First, the rather
small cohort of 37 patients might not allow us to adequately characterize the relationships
between covariates and PK parameters, in particular if the covariate effects on PK param-
eters are of a small effect size. In addition, using a PopPK model based on a relatively
small patient cohort for model-informed precision dosing (MIPD) is not advisable since
the quantitative relationship between a covariate and its respective PK parameter might
be imprecise and, therefore, lead to biased estimations of drug exposure [42]. Second, due
to the nature of including seven patients retrospectively, we could not obtain sulfolane
plasma concentrations for those patients in order to include them in the model. Third, for
technical reasons, we were unable to conduct a Fibroscan in 14 patients, and therefore, a
covariate relationship could not be sufficiently investigated.

5. Conclusions

To the best of our knowledge, this is the first PopPK model developed to describe
busulfan’s pharmacokinetics in patients with myelofibrosis. TBW was identified as the
most significant covariate. Incorporating its metabolite sulfolane into the model not only
allowed us to characterize the covariate relationship between GSTA1 and the clearance of
the metabolite but it also showed that there is a high inter-individual variability regarding
CLSu as well. Further (multi-centric) studies with larger cohorts are required in order to
find further covariates that explain the high IIV of sulfolane CL and possibly determine a
sensible therapeutic window for patients with myelofibrosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14061145/s1, Figure S1: Individual busulfan clear-
ance after the first and ninth dose; Figure S2: SIR diagnostic plot; Figure S3: SIR diagnostic plot:
Adequacy of proposal density; Figure S4: SIR diagnostic plot: Exhaustion of samples; Figure S5:
pcVPC with stratification on Q24H.

Author Contributions: A.D., C.L., S.G.W. and N.K. made substantial contributions to the conception,
study design and data collection. A.M. measured the busulfan blood samples using GC–MS. A.D.,
M.R. and C.P. measured the sulfolane blood samples using LC–MS/MS. A.D., A.B. and B.F. carried
out PCR analysis for genotyping. A.D. and S.G.W. performed the pharmacometric analysis and
interpretation of the PK data. C.L., S.G.W., N.K. and B.F. provided clinical input and interpretation of
the data. A.D. drafted the manuscript. C.L. and S.G.W. substantively revised the manuscript. N.K.,
A.M., C.P., M.R., A.B. and B.F. revised the manuscript for intellectual content. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

42



Pharmaceutics 2022, 14, 1145

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the local Ethics Committee of the Hamburg Chamber of Physicians
(approval number: PV5842).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available for reasons of privacy.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Farhadfar, N.; Cerquozzi, S.; Patnaik, M.; Tefferi, A. Allogeneic Hematopoietic Stem-Cell Transplantation for Myelofibrosis: A

Practical Review. J. Oncol. Pract. 2016, 12, 611–621. [CrossRef] [PubMed]
2. Cazzola, M.; Kralovics, R. From Janus kinase 2 to calreticulin: The clinically relevant genomic landscape of myeloproliferative

neoplasms. Blood 2014, 123, 3714–3719. [CrossRef] [PubMed]
3. Rumi, E.; Pietra, D.; Pascutto, C.; Guglielmelli, P.; Martínez-Trillos, A.; Casetti, I.; Colomer, D.; Pieri, L.; Pratcorona, M.;

Rotunno, G.; et al. Clinical effect of driver mutations of JAK2, CALR, or MPL in primary myelofibrosis. Blood 2014, 124, 1062–1069.
[CrossRef]

4. McLornan, D.P.; Malpassuti, V.; Lippinkhof-Kozijn, A.; Potter, V.; Beelen, D.; Bunjes, D.; Sengeloev, V.; Radujkovic, A.; Passweg, J.;
Chalandon, Y.; et al. Outcome of allogeneic haemato-poietic stem cell transplantation in myeloproliferative neoplasm, unclas-
sifiable: A retrospective study by the Chronic Malignancies Working Party of the EBMT. Br. J. Haematol. 2020, 190, 437–441.
[CrossRef] [PubMed]

5. Kröger, N.; Holler, E.; Kobbe, G.; Bornhäuser, M.; Schwerdtfeger, R.; Baurmann, H.; Nagler, A.; Bethge, W.; Stelljes, M.;
Uharek, L.; et al. Allogeneic stem cell transplantation after reduced-intensity conditioning in patients with myelofibrosis: A
prospective, multicenter study of the Chronic Leukemia Working Party of the European Group for Blood and Marrow Transplan-
tation. Blood 2009, 114, 5264–5270. [CrossRef] [PubMed]

6. Jain, T.; Kunze, K.L.; Temkit, M.; Partain, D.K.; Patnaik, M.S.; Slack, J.L.; Khera, N.; Hogan, W.J.; Roy, V.; Noel, P.; et al. Comparison
of reduced intensity conditioning regimens used in patients undergoing hematopoietic stem cell transplantation for myelofibrosis.
Bone Marrow Transplant. 2019, 54, 204–211. [CrossRef] [PubMed]

7. Popat, U.; Mehta, R.S.; Bassett, R.; Kongtim, P.; Chen, J.; Alousi, A.M.; Anderlini, P.; Ciurea, S.; Hosing, C.; Jones, R.B.; et al.
Optimizing the Conditioning Regimen for Hematopoietic Cell Transplant in Myelofibrosis: Long-Term Results of a Prospective
Phase II Clinical Trial. Biol. Blood Marrow Transplant. 2020, 26, 1439–1445. [CrossRef] [PubMed]

8. Andersson, B.S.; Thall, P.F.; Valdez, B.C.; Milton, D.R.; Alatrash, G.; Chen, J.; Gulbis, A.; Chu, D.; Martinez, C.; Parmar, S.; et al.
Fludarabine with pharmacokinetically guided IV busulfan is superior to fixed-dose delivery in pretransplant conditioning of
AML/MDS patients. Bone Marrow Transplant. 2016, 52, 580–587. [CrossRef]

9. Palmer, J.; McCune, J.S.; Perales, M.-A.; Marks, D.; Bubalo, J.; Mohty, M.; Wingard, J.R.; Paci, A.; Hassan, M.; Bredeson, C.; et al.
Personalizing Busulfan-Based Conditioning: Considerations from the American Society for Blood and Marrow Transplantation
Practice Guidelines Committee. Biol. Blood Marrow. Transplant. 2016, 22, 1915–1925. [CrossRef]

10. Perkins, J.; Field, T.; Kim, J.; Kharfan-Dabaja, M.A.; Ayala, E.; Pérez, L.; Fernandez, H.; Fancher, K.; Tate, C.; Shaw, L.M.; et al.
Pharmacokinetic targeting of i.v. BU with fludarabine as conditioning before hematopoietic cell transplant: The effect of first-dose
area under the concentration time curve on transplant-related outcomes. Bone Marrow Transplant. 2010, 46, 1418–1425. [CrossRef]

11. Bartelink, I.H.; Lalmohamed, A.; van Reij, E.M.L.; Dvorak, C.; Savic, R.M.; Zwaveling, J.; Bredius, R.G.M.; Egberts, T.; Bierings,
M.; Kletzel, M.; et al. Association of busulfan exposure with survival and toxicity after haemopoietic cell transplantation in
children and young adults: A multicentre, retrospective cohort analysis. Lancet Haematol. 2016, 3, e526–e536. [CrossRef]

12. McCune, J.S.; Holmberg, L.A. Busulfan in hematopoietic stem cell transplant setting. Expert Opin. Drug Metab. Toxicol. 2009, 5,
957–969. [CrossRef] [PubMed]

13. McCune, J.S.; Bemer, M.J.; Barrett, J.S.; Baker, K.S.; Gamis, A.S.; Holford, N. Busulfan in Infant to Adult Hematopoietic Cell
Transplant Recipients: A Population Pharmacokinetic Model for Initial and Bayesian Dose Personalization. Clin. Cancer Res. 2013,
20, 754–763. [CrossRef] [PubMed]

14. Bartelink, I.H.; Boelens, J.J.; Bredius, R.G.M.; Egberts, A.C.G.; Wang, C.; Bierings, M.B.; Shaw, P.J.; Nath, C.E.; Hempel,
G.; Zwaveling, J.; et al. Body Weight-Dependent Pharmacoki-netics of Busulfan in Paediatric Haematopoietic Stem Cell
Transplantation Patients: Towards Individualized Dosing. Clin. Pharmacokinet. 2012, 51, 331–345. [CrossRef] [PubMed]

15. Trame, M.N.; Bergstrand, M.; Karlsson, M.O.; Boos, J.; Hempel, G. Population Pharmacokinetics of Busulfan in Children:
In-creased Evidence for Body Surface Area and Allometric Body Weight Dosing of Busulfan in Children. Clin. Cancer Res. 2011,
17, 6867–6877. [CrossRef]

16. Long-Boyle, J.; Savic, R.; Yan, S.; Bartelink, I.; Musick, L.; French, D.; Law, J.; Horn, B.; Cowan, M.J.; Dvorak, C.C. Population
Pharmacokinetics of Busulfan in Pediatric and Young Adult Patients Undergoing Hematopoietic Cell Transplant: A Model-Based
Dosing Algorithm for Personalized Therapy and Implementation into Routine Clinical Use. Ther. Drug Monit. 2016, 26, 236.
[CrossRef]

43



Pharmaceutics 2022, 14, 1145

17. Takahashi, T.; Illamola, S.M.; Jennissen, C.A.; Long, S.E.; Lund, T.C.; Orchard, P.J.; Gupta, A.O.; Long-Boyle, J.R. Busulfan dose
Recommendation in Inherited Metabolic Disorders: Population Pharmacokinetic Analysis. Transplant. Cell. Ther. 2021, 28, 104.
[CrossRef]

18. Essmann, S.; Dadkhah, A.; Janson, D.; Wolschke, C.; Ayuk, F.; Kröger, N.M.; Langebrake, C. Iron Chelation with Deferasirox
Increases Busulfan AUC During Conditioning Chemotherapy Prior to Allogeneic Stem Cell Transplantation. Transplant. Cell. Ther.
2021, 28, 115.e1–115.e5. [CrossRef]

19. Lee, J.W.; Kang, H.J.; Lee, S.H.; Yu, K.-S.; Kim, N.H.; Yuk, Y.J.; Jang, M.K.; Han, E.J.; Kim, H.; Song, S.H.; et al. Highly Variable
Pharmacokinetics of Once-Daily Intravenous Busulfan When Combined with Fludarabine in Pediatric Patients: Phase I Clinical
Study for Determination of Optimal Once-Daily Busulfan Dose Using Pharmacokinetic Modeling. Biol. Blood Marrow Transplant.
2012, 18, 944–950. [CrossRef]

20. Marsit, H.; Philippe, M.; Neely, M.; Rushing, T.; Bertrand, Y.; Ducher, M.; Leclerc, V.; Guitton, J.; Bleyzac, N.; Goutelle, S.
Intra-individual Pharmacokinetic Variability of Intravenous Busulfan in Hematopoietic Stem Cell-Transplanted Children. Clin.
Pharmacokinet. 2020, 59, 1049–1061. [CrossRef]

21. Lawson, R.; Staatz, C.E.; Fraser, C.J.; Hennig, S. Review of the Pharmacokinetics and Pharmacodynamics of Intravenous Busulfan
in Paediatric Patients. Clin. Pharmacokinet. 2020, 60, 17–51. [CrossRef] [PubMed]

22. Zwaveling, J.; Press, R.R.; Bredius, R.G.M.; van Derstraaten, T.R.J.H.M.; Hartigh, J.D.; Bartelink, I.H.; Boelens, J.J.; Guchelaar, H.-J.
Glutathione S-transferase Polymorphisms Are Not Associated with Population Pharmacokinetic Parameters of Busulfan in
Pediatric Patients. Ther. Drug Monit. 2008, 30, 504–510. [CrossRef] [PubMed]

23. Choi, B.; Kim, M.G.; Han, N.; Kim, T.; Ji, E.; Park, S.; Kim, I.-W.; Oh, J.M. Population pharmacokinetics and pharmacodynamics of
busulfan with GSTA1 polymorphisms in patients undergoing allogeneic hematopoietic stem cell transplantation. Pharmacogenomics
2015, 16, 1585–1594. [CrossRef] [PubMed]

24. Ansari, M.; Curtis, P.H.-D.; Uppugunduri, C.R.S.; Rezgui, M.A.; Nava, T.; Mlakar, V.; Lesne, L.; Theoret, Y.; Chalandon, Y.;
Dupuis, L.L.; et al. GSTA1 diplotypes affect busulfan clearance and toxicity in children undergoing allogeneic hematopoietic
stem cell transplantation: A multicenter study. Oncotarget 2017, 8, 90852–90867. [CrossRef]

25. Nava, T.; Kassir, N.; Rezgui, M.A.; Uppugunduri, C.R.S.; Huezo-Diaz Curtis, P.; Duval, M.; Theoret, Y.; Daudt, L.E.; Litalien, C.;
Ansari, M.; et al. Incorporation of GSTA1 genetic variations into a population pharmacokinetic model for IV busulfan in paediatric
hematopoietic stem cell transplantation: GSTA1-based busulfan population pharmacokinetic model in children. Br. J. Clin.
Pharmacol. 2018, 84, 1494–1504. [CrossRef]

26. Hassine, K.B.; Nava, T.; Théoret, Y.; Nath, C.E.; Daali, Y.; Kassir, N.; Lewis, V.; Bredius, R.G.M.; Shaw, P.J.; Shaw, P.J.; et al. Precision
dosing of intravenous busulfan in pediatric hematopoietic stem cell transplantation: Results from a multicenter population
pharmacokinetic study. CPT Pharmacomet. Syst. Pharmacol. 2021, 10, 1043–1056. [CrossRef]

27. Bertrand, J.; Laffont, C.M.; Mentré, F.; Chenel, M.; Comets, E. Development of a Complex Parent-Metabolite Joint Population
Pharmacokinetic Model. AAPS J. 2011, 13, 390–404. [CrossRef]

28. Uppugunduri, C.R.S.; Rezgui, M.A.; Diaz, P.H.; Tyagi, A.K.; Rousseau, J.; Daali, Y.; Duval, M.; Bittencourt, H.; Krajinovic, M.;
Ansari, M. The association of cytochrome P450 genetic polymorphisms with sulfolane formation and the efficacy of a busulfan-
based conditioning regimen in pediatric patients undergoing hematopoietic stem cell transplantation. Pharm. J. 2013, 14, 263–271.
[CrossRef]

29. Passamonti, F.; Cervantes, F.; Vannucchi, A.M.; Morra, E.; Rumi, E.; Pereira, A.; Guglielmelli, P.; Pungolino, E.; Caramella, M.;
Maffioli, M.; et al. A dynamic prognostic model to predict survival in primary myelofibrosis: A study by the IWG-MRT
(International Working Group for Myeloproliferative Neo-plasms Research and Treatment). Blood 2010, 115, 1703–1708. [CrossRef]

30. Passamonti, F.; Giorgino, T.; Mora, B.; Guglielmelli, P.; Rumi, E.; Maffioli, M.; Rambaldi, A.; Caramella, M.; Komrokji, R.;
Gotlib, J.; et al. A clinical-molecular prognostic model to predict survival in patients with post polycythemia vera and post
essential thrombocythemia myelofibrosis. Leukemia 2017, 31, 2726–2731. [CrossRef]

31. Gagelmann, N.; Eikema, D.-J.; de Wreede, L.C.; Koster, L.; Wolschke, C.; Arnold, R.; Kanz, L.; McQuaker, G.; Marchand, T.;
Socié, G.; et al. Comparison of Dynamic International Prognostic Scoring System and MYelofibrosis SECondary to PV and ET
Prognostic Model for Prediction of Outcome in Polycythemia Vera and Essential Thrombocythemia Myelofibrosis after Allogeneic
Stem Cell Transplantation. Biol. Blood Marrow Transplant. 2019, 25, e204–e208. [CrossRef] [PubMed]

32. McCune, J.; Shen, D.D.; Shireman, L.; Phillips, B. Bioanalytical Method: Tetrahydrothiophene-1-Oxide and Sulfolane and
3-Hydroxysulfolane in Plasma; Report No.: BAM217; National Cancer Institute, University of Washington School of Phar-
macy: Seattle, WA, USA, 2017.

33. Coles, B.F.; Morel, F.; Rauch, C.; Huber, W.W.; Yang, M.; Teitel, C.H.; Green, B.; Lang, N.; Kadlubar, F.F. Effect of polymorphism in
the human glutathione S-transferase A1 promoter on hepatic GSTA1 and GSTA2 expression. Pharmacogenetics 2001, 11, 663–669.
[CrossRef] [PubMed]

34. Keizer, R.J.; van Benten, M.; Beijnen, J.H.; Schellens, J.H.; Huitema, A.D. Piraña and PCluster: A modeling environment and
cluster infrastructure for NONMEM. Comput. Methods Programs Biomed. 2011, 101, 72–79. [CrossRef] [PubMed]

35. Bonate, P.L. Pharmacokinetic-Pharmacodynamic Modeling and Simulation, 2nd ed.; Springer: Boston, MA, USA, 2011. [CrossRef]
36. Savic, R.M.; Karlsson, M.O. Importance of Shrinkage in Empirical Bayes Estimates for Diagnostics: Problems and Solutions.

AAPS J. 2009, 11, 558–569. [CrossRef]

44



Pharmaceutics 2022, 14, 1145

37. Bergstrand, M.; Hooker, A.C.; Wallin, J.E.; Karlsson, M.O. Prediction-Corrected Visual Predictive Checks for Diagnosing Non-
linear Mixed-Effects Models. AAPS J. 2011, 13, 143–151. [CrossRef]

38. Dosne, A.-G.; Bergstrand, M.; Harling, K.; Karlsson, M.O. Improving the estimation of parameter uncertainty distributions
in nonlinear mixed effects models using sampling importance resampling. J. Pharmacokinet. Pharmacodyn. 2016, 43, 583–596.
[CrossRef]

39. Ms, A.K.; Funaki, T.; Kim, S. Population Pharmacokinetic Analysis of Busulfan in Japanese Pediatric and Adult HCT Patients. J.
Clin. Pharmacol. 2018, 58, 1196–1204. [CrossRef]

40. Neroutsos, E.; Nalda-Molina, R.; Paisiou, A.; Zisaki, K.; Goussetis, E.; Spyridonidis, A.; Kitra, V.; Grafakos, S.; Valsami, G.;
Dokoumetzidis, A. Development of a Population Pharmacokinetic Model of Busulfan in Children and Evaluation of Different
Sampling Schedules for Precision Dosing. Pharmaceutics 2022, 14, 647. [CrossRef]

41. Wong, K.M.; Atenafu, E.G.; Kim, D.; Kuruvilla, J.; Lipton, J.H.; Messner, H.; Gupta, V. Incidence and Risk Factors for Early Hepato-
toxicity and Its Impact on Survival in Patients with Myelofibrosis Undergoing Allogeneic Hematopoietic Cell Transplantation.
Biol. Blood Marrow Transplant. 2012, 18, 1589–1599. [CrossRef]

42. Broeker, A.; Nardecchia, M.; Klinker, K.; Derendorf, H.; Day, R.; Marriott, D.; Carland, J.; Stocker, S.; Wicha, S. Towards precision
dosing of vancomycin: A systematic evaluation of pharmacometric models for Bayesian forecasting. Clin. Microbiol. Infect. 2019,
25, 1286.e1–1286.e7. [CrossRef]

45
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1 Department of Pharmacology, First Faculty of Medicine, Charles University and General University Hospital
in Prague, 128 00 Prague, Czech Republic; eliskadvorackova@seznam.cz (E.D.);
ondrej.slanar@lf1.cuni.cz (O.S.)

2 Department of Medical Chemistry and Clinical Biochemistry, Second Faculty of Medicine, Charles University
in Prague and Motol University Hospital, 150 06 Prague, Czech Republic; jakubpet@gmail.com (J.P.);
eva.klapkova@fnmotol.cz (E.K.)

3 Department of Medical Microbiology, Second Faculty of Medicine, Charles University in Prague and Motol
University Hospital, 150 06 Prague, Czech Republic; petr.hubacek@fnmotol.cz

4 Prague Lung Transplant Program, 3rd Department of Surgery, First Faculty of Medicine, Charles University in
Prague and Motol University Hospital, 150 06 Prague, Czech Republic; jiri.pozniak@fnmotol.cz (J.P.);
jan.havlin@fnmotol.cz (J.H.); robert.lischke@fnmotol.cz (R.L.)

* Correspondence: martin.sima@lf1.cuni.cz

Abstract: The aim of this prospective study was to evaluate the pharmacokinetics of ganciclovir
in lung transplant recipients, to explore its covariates, and to propose an individualized dosing
regimen. Ganciclovir was administered according to the protocol in a standardized intravenous
dose of 5 mg/kg twice daily. Serum ganciclovir concentrations were monitored as a trough and
at 3 and 5 h after dosing. Individual ganciclovir pharmacokinetic parameters were calculated in
a two-compartmental pharmacokinetic model, while regression models were used to explore the
covariates. Optimal loading and maintenance doses were calculated for each patient. In lung
transplant recipients (n = 40), the median (IQR) ganciclovir total volume of distribution and clearance
values were 0.65 (0.52–0.73) L/kg and 0.088 (0.059–0.118) L/h/kg, respectively. We observed medium-
to-high inter-individual but negligible intra-individual variability in ganciclovir pharmacokinetics.
The volume of distribution of ganciclovir was best predicted by height, while clearance was predicted
by glomerular filtration rate. Bodyweight-normalized clearance was significantly higher in patients
with cystic fibrosis, while distribution half-life was reduced in this subgroup. On the basis of the
observed relationships, practical nomograms for individualized ganciclovir dosing were proposed.
The dosing of ganciclovir in patients with cystic fibrosis requires special caution, as their daily
maintenance dose should be increased by approximately 50%.

Keywords: ganciclovir; lung transplant recipients; cystic fibrosis; therapeutic drug monitoring; covariates

1. Introduction

Ganciclovir is an antiviral agent with broad activity against herpes viruses, includ-
ing cytomegalovirus. It is indicated for the prophylaxis and treatment of herpesvirus
infection in immunocompromised patients, including lung transplant recipients, in whom
cytomegalovirus infection is associated with premature graft failure and decreased overall
survival [1,2]. In routine clinical practice, ganciclovir dosing is adjusted according to the
patient’s weight, renal function and indication (prophylaxis or treatment) [3]. However, this
approach may vary among different institutions, depending on the dosing algorithm locally
adopted. Several institutions extrapolate the results generated in studies with patients with
AIDS or renal transplant recipients [4]. The method used for renal function estimation is
another potential source of variability among clinical centers. Therapeutic drug monitoring

Pharmaceutics 2022, 14, 408. https://doi.org/10.3390/pharmaceutics14020408 https://www.mdpi.com/journal/pharmaceutics



Pharmaceutics 2022, 14, 408

(TDM) may be helpful for dose adjustment to maintain efficacious drug levels related to
viral inhibitory concentrations, although the timely availability of appropriate bioanalytical
assays of antiviral drugs is limited [5]. Although there is currently little consensus on the
therapeutic range that would optimally predict clinical outcomes and toxicity, subtherapeu-
tic levels of ganciclovir may lead to the selection of resistant strains (e.g., with mutations in
the UL97 gene–viral thymidine kinase) with subsequent treatment failure [6]. By contrast,
high exposure to ganciclovir increases the risk of myelosuppression and neurotoxicity [7,8].

Cystic fibrosis is one of the major indications for lung transplantation [9]. Although
changes in the drug disposition can be expected in these patients, no pharmacokinetic
study on ganciclovir pharmacokinetics has been published apart, from observational data
for Cmax, Cmin and AUC from 12 patients with cystic fibrosis [10]. Ganciclovir TDM may
be especially beneficial for patients with highly variable pharmacokinetic profiles, such as
patients with unstable renal function or cystic fibrosis.

Ganciclovir is a cyclic analogue of endogenous purine nucleoside guanosine, with
an intracellular half-life of 16.5 h [11]. The drug has low protein binding (1–2%), a rapid
distribution phase (0.23 h) and a terminal serum half-life of 2–4 h. Renal clearance is the
dominant form of elimination. Most of the drug is eliminated via glomerular filtration,
with more than 80% of the administered dose found in the urine unchanged [12].

Although ganciclovir is routinely used for prophylaxis and treatment in lung recip-
ients, its individual pharmacokinetic parameters and covariates (sex, age, bodyweight,
height, serum creatinine, serum cystatin C, liver enzymes, white blood cells, platelet count,
concomitant pharmacotherapy and cystic fibrosis) have not yet been clearly addressed.
Therefore, the objective of this prospective study was to evaluate the pharmacokinetics of
ganciclovir in lung transplant recipients and to explore its covariates in order to propose an
individualized ganciclovir dosing regimen prior to TDM.

2. Materials and Methods
2.1. Study Design

This was a prospective open-label (laboratory-blinded) pharmacokinetic study on adult
patients treated with intravenous ganciclovir (Cymevene®; CHEPLAPHARM Arzneimittel
GmbH, Greifswald, Germany) at the Third Department of Surgery, First Faculty of Medicine,
Charles University in Prague and Motol University Hospital between January 2020 and July
2021. Patients were included if they met all the following inclusion criteria: age ≥18 years,
had undergone lung transplantation and received antiviral prophylaxis with intravenous
ganciclovir twice daily at least 48 h after transplantation. Patients treated with ganciclovir
before lung transplantation, patients with combined transplantation, re-transplantation,
and patients aged under 18 years were excluded from this study. All patients received
basiliximab or antithymocyte globulin as induction immunosuppressive therapy. All pa-
tients also received triple drug immunosuppression with tacrolimus (Prograf®; Astellas
Pharma s.r.o., Praha, Czech Republic), mycophenolate mofetil (CellCept®; Roche Registra-
tion GmbH, Grenzach-Wyhlen, Germany) and prednisone (Prednison®; Zentiva; Prague,
Czech Republic)/methylprednisone (Solu-Medrol®; Pfizer, spol. s r.o., Prague, Czech Re-
public). Antiviral therapy for all patients was administered according to the standardized
protocol. Steady-state whole-blood concentrations of ganciclovir were measured over a
median of 9 days (2–28) after transplantation. The study was approved by the local Ethics
Committee under No. EK- 11/20 and was conducted in accordance with the Declaration
of Helsinki. Written informed consent was obtained from all subjects before any study-
related procedures. Ganciclovir was initially administered at a dose of 5 mg/kg/12 h
given through 60 min intravenous infusion at concentrations not exceeding 10 mg/mL.
Whole-blood concentrations for pharmacokinetic analysis were taken as a trough (Ctrough)
and at 3 (C3) and 5 h (C5) after the infusion was completed. Patients from whom a complete
concentration-time profile was not collected were excluded from the study. Whole-blood
samples (5 mL) were collected into serum collecting tubes without clot activators and
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immediately placed in the cold. The samples were then centrifuged at 4500× g for 10 min
at 4 ◦C and serum aliquots were stored at −80 ◦C until analysis.

The following demographic, laboratory and clinical characteristics of the patients were
recorded as potential covariates of ganciclovir pharmacokinetics: sex, age, body weight,
height, serum creatinine, serum cystatin C (available only in some patients), alanine amino-
transferase (ALT), gamma-glutamyl transferase (GGT), white blood cell and platelet counts,
diagnosis of cystic fibrosis and co-medication with immunosuppressants (tacrolimus, my-
cophenolate mofetil, corticosteroids) or antimycotics (voriconazole-Vfend®; Pfizer Europe
MA EEIG, Bruxelles, Belgien, fluconazole-Fluconazole®, Aurovitas, spol. s r.o., Prague,
Czech Republic).

For each patient, the body mass index (BMI), body surface area (BSA) according to the
DuBois formula, estimated glomerular filtration rate (eGFR) according to CKD-EPI creatinine
and optionally according to CKD-EPI cystatin C equations were calculated [13–15].

2.2. Bioanalytical Assay

Liquid chromatography-mass spectrometry (LC-MS)-grade acetonitril, ammonium
acetate, trifluoroacetic acid, acetic acid and trichloroacetic acid (HPLC grade) were obtained
from Supelco and Honeywell (HPST, Prague, Czech Republic). Ganciclovir (reference
standard) and deuterium-labelled internal standard ganciclovir-d5 were obtained from
Toronto Research Chemicals Inc. (Toronto, ON, Canada). We used an Agilent Technologies
1290 Infinity II LC system, including an autosampler, binary pumps, and a thermostatted
column compartment with 6470 Triple Quad (Agilent Technologies, Santa Clara, CA, USA).
Other necessary equipment were MS 40+ Vacuum Products (Agilent Technologies, Santa
Clara, CA, USA) and a nitrogen generator NM32LA (Peak Scientific, Inchinnan, UK).
Sample separation was carried out on a reverse phase column Eclipse Plus C18, 1.8 µm,
3.0 × 50 mm (Agilent Technologies, Santa Clara, CA, USA). The column was operated
at 35 ◦C. A chromatographic separation was achieved under gradient flow of eluents,
initially in 95/5 mix of mobile phase (A) water and aqueous buffer (95/5, v/v) and (B)
acetonitril and aqueous buffer (95/5, v/v). The set-up of the gradient is shown in Table 1.
The autosampler was cooled at 7 ◦C. An aqueous buffer was prepared at this concentration
(ammonium acetate 5 g/L, 2 mL/L trifluoroacetic acid, and 35 mL/L acetic acid). The
total run time per sample was 4 min. For measurement, we used 10 µL of serum sample
(control, calibrator) and 500 µL of internal standard (ganciclovir-d5 5 µg/L dissolved in
5% trichloroacetic acid). The sample was briefly mixed and then centrifuged 10 min at
3727 g. A total of 50 µL of the upper layer was then mixed with 950 µL of 5% trichloroacetic
acid. A total of 5µL of prepared sample was injected into the column. The Agilent Jet Stream
with electrospray ionization ion source operated in positive ion mode. The scan type used
dynamic multiple reaction monitoring. The measurements used were: gas temperature at
250 ◦C, gas flow 8 L/min, nebulizer at 45 psi, sheath gas temperature 350 ◦C and sheath gas
flow 11 L/min. The mass ion transitions for ganciclovir were 256.1 m/z→ 152 m/z and for
ganciclovir-d5 were 261.1 m/z→ 152 m/z. Collision energies were 12 V for both analytes.
Full validation according to the U.S. Food and Drug Administration (FDA) requirements
was conducted [16]. The calibration curve was constructed by plotting the peak ratios of
ganciclovir standard to the internal standard against the concentration of ganciclovir. The
assay was linear (r2 was 0.9938) across the whole range of concentrations (0.1; 0.5; 1; 2.5;
5; 10; 20 mg/L). The intra- and inter-day accuracy and precision were evaluated in three
QC samples (0.5; 2.5; 10 mg/L) by multiple analysis (n = 10). The intra-day and inter-day
accuracy ranged from 0.86% to 1.16% and from 3.58% to 8.32%, respectively. The ranges of
intra-day and inter-day precision were 6.21% to 8.90 and 1.39% to 1.50%, respectively. The
limit of quantification was 0.1 mg/L. The intra- and inter-day accuracy was expressed as the
relative error in % for LLOQ (n = 10) was 2.39% and 4.54%, respectively. The intra-day and
inter-day precision for LLOQ was 7.04% and 14.02%, respectively. Detailed concentrations
measured in the samples at each spiking level in the intra-day and inter-day accuracy
and precision study are summarized in Table 2. The sample stability of ganciclovir was
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documented at room temperature or −20 ◦C for 7 days or 3 months, respectively. Sample
stability after three freeze-thaw cycles was also evaluated. Maximal change of concentration
was within ±5% during all stability tests.

Table 1. Gradient of mobile phases.

Time (min) A (%) B (%) Flow (mL/min)

0 95 5 0.2
1 0 100 0.4
3 0 100 0.4

3.1 95 5 0.4
3.5 95 5 0.4

Table 2. Concentrations measured in the samples at each spiking level in the intra-day and inter-day
accuracy and precision study.

Sample QC 1 QC 2 QC 3 QC 4
0.1 (ng/mL) 0.5 (ng/mL) 2.5 (ng/mL) 10 (ng/mL)

Intra-Day Accuracy and Precision

1 0.107 0.47 2.29 9.42
2 0.108 0.47 2.26 9.43
3 0.111 0.47 2.26 9.40
4 0.109 0.47 2.28 9.34
5 0.105 0.47 2.30 9.24
6 0.109 0.47 2.30 9.32
7 0.106 0.48 2.26 9.19
8 0.109 0.47 2.25 9.27
9 0.103 0.47 2.28 9.40
10 0.104 0.46 2.30 9.35

Mean (ng/mL) 0.107 0.47 2.28 9.34
SD (ng/mL) 0.003 0.005 0.021 0.081

CV (%) 2.39 1.16 0.91 0.86
BIAS (%) 7.04 6.21 8.92 6.64

Inter-Day Accuracy and Precision

1 0.107 0.47 2.23 9.87
2 0.114 0.48 2.45 10.21
3 0.119 0.46 2.26 10.55
4 0.116 0.51 2.79 9.92
5 0.115 0.52 2.36 9.78
6 0.112 0.49 2.48 10.23
7 0.104 0.53 2.74 10.46
8 0.116 0.51 2.77 9.48
9 0.119 0.48 2.69 10.33
10 0.119 0.47 2.61 10.56

Mean (ng/mL) 0.114 0.49 2.54 10.14
SD (ng/mL) 0.005 0.024 0.211 0.36

CV (%) 5.54 4.81 8.32 3.58
BIAS (%) 14.02 1.50 1.50 1.39

2.3. Pharmacokinetic Analysis

Individual pharmacokinetic parameters of ganciclovir, namely central compartment
volume of distribution (Vdc), total volume of distribution (Vd), clearance (CL), distribution
half-life (t1/2α), elimination half-life (t1/2β), and 24 h area under the concentration-time
curve (AUC24) were calculated in a two-compartmental pharmacokinetic model with
first-order elimination kinetics based on individual demographic and clinical data and
observed ganciclovir serum levels using MWPharm++ software (MediWare, Prague, Czech
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Republic). The ganciclovir pharmacokinetic data derived from Sommadossi et al. was
used for a priori simulation of concentration-time profile in each patient [17]. These
simulated pharmacokinetic profile curves were a posteriori individualized to maximize
fitting with observed concentration points of each patient. The fitting was performed using
the Bayesian method. The Bayesian approach defines all unknown parameters as random
variables and via a large number of subsequent iterations, the variables are adapted, taking
into account the physiological and substance properties to achieve maximal fitting of the
simulated pharmacokinetic profile curve with the real measured concentration points in
each patient. The goodness-of-fit was expressed using weighted sum of squares and root
mean square values.

For patients whose set of ganciclovir levels (Ctrough, C3 and C5) was measured repeat-
edly during hospitalization, the pharmacokinetic parameters of ganciclovir were calculated
separately from each set of concentrations. Only the PK parameters from the first drug
concentration triplet (Ctrough, C3 and C5) were used for the analysis of covariates, while
subsequent data sets were used for the analysis of intraindividual variability.

2.4. Statistical Analysis

Descriptive parameters of mean, standard deviation, coefficient of variation, median
and interquartile range (IQR) were calculated using MS Excel 2010 (Microsoft Corporation,
Redmond, DC, USA). The 95% confidence intervals (CI) for medians were calculated using
the Bonett and Price method [18]. Mann–Whitney U-test or linear regression model were
used to evaluate the relationships of individual ganciclovir pharmacokinetic parameters
and categorical or continuous variables, respectively. Pharmacokinetic parameters obtained
from one patient repeatedly during hospitalization were compared using Wilcoxon signed-
rank test. Possible impact of immunosuppressants (taken by all patients at different
doses) on ganciclovir pharmacokinetic parameters was evaluated in a dose-dependent
manner using linear regression, while the effect of antimycotics (taken only by some
patients) was evaluated dose-independently using the Mann–Whitney U-test, as described
previously [19]. GraphPad Prism 8.2.1 software (GraphPad Inc., La Jolla, CA, USA) was
used for all comparisons and p-levels < 0.05 were considered statistically significant.

2.5. Loading and Maintenance Dose Calculation

Optimal loading doses (LD) were calculated for each patient based on individual ganci-
clovir Vd values using the following formula: LD (mg) = ganciclovir Vd (L) × 7.75 mg/L. The
maximum concentration of 7.75 mg/L was set as a midpoint of the proposed therapeutic
range for peak ganciclovir levels (3–12.5 mg/L) [20].

Optimal daily maintenance doses (MD) were calculated for each patient based on
individual ganciclovir CL values using the following formula: MD (mg/day) = 24 h ×
ganciclovir CL (L/h) × 6.75 mg/L. The steady-state concentration of 6.75 mg/L was set
as a midpoint of the proposed therapeutic range for ganciclovir both at trough and peak
levels (1–12.5 mg/L) [20].

3. Results

There were 54 patients enrolled in the study. Fourteen patients were excluded due
to discontinuation of ganciclovir therapy, deviations in sampling times, or missing sam-
ples. Therefore, 40 patients were included in the pharmacokinetic analysis. The demo-
graphic, laboratory and clinical characteristics of the patients are summarized in Table 3.
Among the patients included in the pharmacokinetic analysis, only one subject received
CVVHD support, while none of the patients needed support with extracorporeal mem-
brane oxygenation. The ganciclovir dose ranged from 100 mg/day to 1000 mg/day. All
the patients were concomitantly treated with immunosuppressive drugs (tacrolimus, my-
cophenolate mofetil and prednisone or methylprednisolone). The median (IQR) doses
of tacrolimus, mycophenolate mofetil and corticoid (expressed as prednisone equivalent
dose) were 6 (0–14) mg, 1500 (250–3000) mg and 30 (20–63) mg, respectively. Four patients
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were treated with voriconazole (400 mg/day) and three patients received fluconazole
(400 mg/day). There were five patients with cystic fibrosis in our study group.

Table 3. Demographic and laboratory characteristics of the patients (n = 40).

Median Interquartile Range Range

Age (years) 52 46–58 22–71
Body weight (kg) 76 61–86 45–117

Height (cm) 175 168–178 152–197
BSA (m2) 1.90 1.73–2.03 1.44–2.51

BMI (kg/m2) 25.5 21.7–27.8 15.4–34.9
eGFR creatinine (mL/s/1.73 m2) 1.66 1.39–1.84 0.28–2.58

eGFR cystatin C * (mL/s/1.73 m2) 0.83 0.56–1.01 0.30–1.88
ALT (µkat/L) 0.56 0.31–1.08 0.15–7.87
GGT (µkat/L) 0.67 0.41–1.17 0.18–15.52

White blood cell count (×109/L) 9.55 7.30–13.25 2.70–23.00
Platelet count (×109/L) 266 187–377 63–530

Total count Percentage (%)

Sex (M/F) 28/12 70/30
BSA—body surface area, BMI—body mass index, eGFR—estimated glomerular filtration rate according to the
CKD-EPI creatinine or cystatin C equations, ALT—alanine aminotransferase, GGT—gamma-glutamyl transferase.
* Analyzed only in a subgroup of 24 patients, in whom the cystatin C level was available.

In total, 132 ganciclovir serum concentrations were included in the analysis. In four patients,
the ganciclovir concentration set (Ctrough, C3 and C5) was measured twice during hospi-
talization. The ganciclovir pharmacokinetic profiles of both cystic fibrosis and non-cystic
fibrosis patients are shown in Figure 1. The individual pharmacokinetic parameters of
ganciclovir used in the study are summarized in Table 4. The median (IQR) weighted
sum of squares and root mean square values were 4. 23 (1.19–14.04) and 0.97 (0.90–0.99),
respectively. We observed medium-to-high inter-individual variability of pharmacokinetic
parameters normalized per kg of body weight, as demonstrated by coefficients of variation
of 19%, 59%, 52%, 68% and 79% for Vdc, Vd, CL, t1/2α and t1/2β, respectively. By contrast,
there were no significant differences in ganciclovir pharmacokinetic parameters obtained
from the same patients (n = 4) repeatedly during hospitalization (p-value of 0.5000, >0.9999,
>0.9999, 0.5000 and 0.8750 for Vdc, Vd, CL, t1/2α and t1/2β, respectively), which indicates
negligible intra-individual variability.

All the sampling time points (C3, C5 and Ctrough) were significantly associated with
ganciclovir total exposure (AUC); however, AUC was best predicted by the peak level
(r2 was 0.7720, 0.3184 and 0.2580 for C3, C5 and Ctrough, respectively).

Both Vd and CL normalized by body weight were significantly and negatively re-
lated to age (p = 0.0439 and p = 0.0116, respectively). Males showed significantly higher
bodyweight-normalized Vd than females (median value 0.69 vs. 0.55 L/kg; p = 0.0330).
Vdc was significantly related to bodyweight, height, BSA and BMI (p < 0.0001, p = 0.0011,
p < 0.0001, and p < 0.0001, respectively), while total Vd increased significantly only with
height (p = 0.0297) and BSA (p = 0.0386). CL was significantly related only to eGFR
(p < 0.0001). For the patients whose cystatin C level was measured (n = 24), the predictive
performance of creatinine- and cystatine C-based CKD-EPI formulas for the estimation
of glomerular filtration rate was compared. In this sense, creatinine-based estimates per-
formed slightly better numerically (p = 0.0010, r2 = 0.3952 vs. p = 0.0033, r2 = 0.3309). Both
ALT and GGT were not significantly related to the pharmacokinetics of ganciclovir. Ganci-
clovir exposure (AUC24) was also not associated with either white blood cell or platelet
counts. Bodyweight-normalized CL was significantly higher in patients with cystic fibrosis,
while distribution half-life was reduced in patients with this diagnosis (see Table 4). There
was also a trend towards increased volume of distribution in the cystic fibrosis patients.
We observed no dose-dependent drug interaction between immunosuppressive therapy
and ganciclovir weight-normalized pharmacokinetic parameters. The dose-independent
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analysis also did not show any impact of antimycotic therapy on ganciclovir disposition.
The main observed relationships between ganciclovir’s pharmacokinetic parameters and
its covariates are showed in Figure 2.
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CF Patients
(n = 5)

Non-CF Patients
(n = 35)

p-Value
CF vs. Non-CF

Vdc (L) 8.96 (7.51–10.30) 6.19 (6.05–7.65) 9.13 (8.36–10.46) -
Vdc (L/kg) 0.120 (0.110–0.124) 0.129 (0.121–0.130) 0.119 (0.109–0.124) 0.069

Vd (L) 51.7 (32.7–60.1) 39.5 (31.5–59.7) 52.5 (34.3–60.1) -
Vd (L/kg) 0.65 (0.52–0.73) 0.67 (0.67–1.08) 0.65 (0.50–0.72) 0.1987
CL (L/h) 6.64 (4.27–9.20) 7.39 (6.38–9.29) 6.49 (4.04–9.14) -

CL (L/h/kg) 0.088 (0.059–0.118) 0.125 (0.112–0.198) 0.081 (0.057–0.106) 0.0127 *
t1/2α (h) 0.20 (0.18–0.37) 0.18 (0.16–0.18) 0.20 (0.18–0.44) 0.0318 *
t1/2β (h) 4.7 (3.6–5.8) 3.6 (2.8–3.7) 5.2 (3.7–5.9) 0.1448

AUC24 (mg × h/L) 104.9 (76.1–154.0) 53.8 (40.9–78.0) 114.2 (85.5–155.9) -

Data are expressed as median (IQR). Only bodyweight-normalized and independent pharmacokinetic parameters
were compared. Statistically significant * CF—cystic fibrosis, Vdc—central volume of distribution, Vd—total
volume of distribution, CL—clearance, t1/2α—distribution half-life, t1/2β—elimination half-life, AUC24—24 h
area under the concentration time curve.
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Figure 2. Relationships between ganciclovir pharmacokinetic parameters and its main covari-
ates. Vdc—central volume of distribution, Vd—total volume of distribution, CL—clearance,
BSA—body surface area, eGFR—estimated glomerular filtration rate according to the CKD-EPI
creatinine equation.

Based on the regression analysis, height was shown to be the most predictive parameter
for ganciclovir Vd and, consequently, for LD. Thus, CL and MD were best predicted by
eGFR according to the creatinine CKD-EPI equation. Based on these relations, the optimal
estimated LD was defined according to the following equation: LD (mg) = 7.988 × height
(cm)–992.1. Optimal estimated daily MD was described as: MD (mg/day) = 705.4 × eGFR
(mL/s)–109.4. These relationships were used to construct the dosing nomograms for more
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convenient clinical use (Figure 3). The median (95% CI) LD ganciclovir and daily MD were
2.31 (2.24–2.39) mg per cm of height and 643.88 (638.18–649.59) mg per 1 mL/s of eGFR,
respectively. Subsequently, we simulated the administration of the dose recommended
by the nomograms in model subjects with the pharmacokinetic data of each individual
enrolled in the study. After the simulated LD administration, 32 (80%) of the patients
reached the target range for ganciclovir peak concentrations (3–12.5 mg/L), 7 (17.5%)
were above and 1 (2.5%) was below the range, while after the simulated administration of
MD, 33 (82.5%) of the patients reached the target range for ganciclovir levels in the whole
interval (1–12.5 mg/L), while 17 (17.5%) were above and none (0%) were below the range.
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4. Discussion

Cytomegalovirus is a leading cause of infection in lung transplant recipients and it is
associated with significant morbidity and mortality [21]. Adequate cytomegalovirus dosing
is therefore of great importance, as low serum concentrations of ganciclovir should be
avoided to minimize the risk of resistance development [22]. To ensure adequate exposure
to ganciclovir, TDM could be applied to optimize ganciclovir serum concentrations during
treatment or prophylaxis. Although the target ganciclovir levels that should be achieved
during therapy have not yet been unequivocally defined [23], the therapeutic ranges
frequently used for peak and trough ganciclovir concentrations in clinical practice are
3–12 and 1–3 mg/L, respectively [20]. The monitoring of ganciclovir exposure especially, in
high-risk patient groups with unpredictable pharmacokinetics, i.e., patients with unstable
renal function, solid organ transplant recipients, or patients not responding to treatment as
expected, has been suggested [24].

In this study, we reviewed the pharmacokinetics of ganciclovir in patients after lung
transplantation, on whom TDM was performed. In total, 132 samples were received
from 40 lung transplant recipients. This represents one of the largest data sets describing
ganciclovir pharmacokinetics in this vulnerable population.

We observed medium-to-high inter-individual variability of pharmacokinetic parame-
ters, which was similar to the results of Märtson et al. and Galar et al. [24,25]. By contrast,
there were no significant differences in the ganciclovir pharmacokinetic parameters ob-
tained from the same patients.

We observed an increase in ganciclovir CL of approximately 50% in patients with
cystic fibrosis. Although the patients with cystic fibrosis were significantly younger than
the patients not suffering from this disease and we found a negative relationship between
age and bodyweight-normalized ganciclovir CL in this subgroup, we assume that the
independent covariate of ganciclovir CL is cystic fibrosis, because there was no relationship
between age and ganciclovir CL in the patients not suffering from cystic fibrosis. Although
the pharmacokinetics of ganciclovir have not been described previously in patients with
cystic fibrosis, our findings correspond well with the theoretical assumption that ganciclovir
enhances the clearance of renally eliminated compounds. It was previously shown that
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cystic fibrosis leads to several pharmacokinetic alterations, including the enlargement of
the volume of distribution and/or enhanced clearance for most drugs [26]. The enhanced
drug of drugs in cystic fibrosis is generally explained by increased glomerular filtration,
increased active tubular secretion, and decreased tubular reabsorption [26,27].

Ganciclovir can be dosed on a milligram-per-kilogram of bodyweight basis as this
corresponds well to ganciclovir clearance and the volume of distribution [28]. The other
most clearly defined variable affecting the pharmacokinetic parameters is renal function
status/creatinine clearance [25,29–31].

Based on our results, an LD of 7.988× height (cm)–992.1 mg followed with a daily MD
of 705.4 × eGFR (mL/s)–109.4 mg/day (divided into 2 doses every 12 h) should be optimal.
Of course, the administration of an LD only make sense if the LD is higher than a single
MD. Therefore, the condition eGFR (mL/s) < 0.023 × height (cm)–2.66 must be met. Thus,
LD administration should be considered especially in patients with moderate-to-severe
decrease in renal function. The daily MD deducted from the proposed nomogram should
be further increased by approximately 50% in patients with cystic fibrosis.

Measured creatinine clearance is not available from most patients at the time when
ganciclovir treatment is initiated. Therefore, eGFR according to the CKD-EPI equation was
used to individualize ganciclovir MD. The CKD-EPI equation is an up-to-date method for
estimating GFR and its superiority in the prediction of MD in other drugs excreted via
kidney has been described previously [32,33].

There was no correlation between ganciclovir trough and peak serum levels, nor
between hematologic toxicity and nephrotoxicity [20,34]. In our study, ganciclovir exposure
(AUC24) was associated neither with white blood cell count nor with platelet count. Neither
ALT nor GGT were significantly related to the pharmacokinetics of ganciclovir. We also
observed no impact of concomitant immunosuppressant treatment or antimycotic therapy
on ganciclovir pharmacokinetics. This observation is of interest, since the co-administration
of the antifungal voriconazole and ganciclovir was excluded in previous clinical studies [35].

We acknowledge a few limitations of our study. First, we enrolled only one subject
with eGFR below 0.5 mL/s; therefore, our dosing recommendation may not be applicable
in this subpopulation. Furthermore, the subpopulation of patients with cystic fibrosis is
rather limited (n = 5); therefore, the PK and dosing estimates should be considered as pilot
data only for this subpopulation.

5. Conclusions

Ganciclovir clearance is correlated with creatinine clearance; therefore, ganciclovir
should be dosed according to renal function status. Significantly higher bodyweight-
normalized CL and lower distribution half-life were observed in patients with cystic
fibrosis. As a result, ganciclovir’s daily maintenance dose should be increased by approx-
imately 50% in cystic fibrosis patients. We did not observe any pharmacokinetic drug
interactions between ganciclovir and immunosuppressive or antimycotic therapy. Large
inter-individual variability of serum levels was observed. This is one of the reasons for
supporting TDM. Future studies may aim to identify an appropriate group of patients for
ganciclovir dosing according to our nomogram, depending on height and renal function.
Our data also provide the basis for the design of a pharmacokinetic model that is needed to
more accurately describe the PK/PD relationship in ganciclovir.
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Abstract: SHCS#879 is an ongoing Switzerland-wide multicenter observational study conducted
within the Swiss HIV Cohort Study (SHCS) for the prospective follow-up of people living with HIV
(PLWH) receiving long-acting injectable cabotegravir-rilpivirine (LAI-CAB/RPV). All adults under
LAI-CAB/RPV and part of SHCS are enrolled in the project. The study addresses an integrated
strategy of treatment monitoring outside the stringent frame of controlled clinical trials, based on
relevant patient characteristics, clinical factors, potential drug-drug interactions, and measurement
of circulating blood concentrations. So far, 91 blood samples from 46 PLWH have been collected.
Most individuals are less than 50 years old, with relatively few comorbidities and comedications. The
observed concentrations are globally in accordance with the available values reported in the random-
ized clinical trials. Yet, low RPV concentrations not exceeding twice the reported protein-adjusted
90% inhibitory concentration have been observed. Data available at present confirm a considerable
between-patient variability overall. Based on the growing amount of PK data accumulated during this
ongoing study, population pharmacokinetic analysis will characterize individual concentration-time
profiles of LAI-CAB/RPV along with their variability in a real-life setting and their association with
treatment response and tolerability, thus bringing key data for therapeutic monitoring and precision
dosage adjustment of this novel long-acting therapy.
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1. Introduction

Following the identification of HIV as the causal agent of AIDS in the early eighties,
we have witnessed a progressive improvement in the management of HIV infection, which
started with the approval of the first antiretroviral therapy (ART) for HIV treatment in 1987.
Since the development of highly active ARTs about 25 years ago, complex therapies have
been progressively simplified to potent, once-daily, fixed-dose multidrug formulations,
thereby improving tolerability, efficacy, and convenience. These treatments have trans-
formed HIV infection from a then fatal disease to a manageable chronic condition. Recently,
not only the management but also the prevention of HIV infection has entered the bright
new era of long-acting (LA) antiretroviral approaches, as reviewed elsewhere [1].

Cabotegravir (CAB) and rilpivirine (RPV), an integrase inhibitor combined with a
non-nucleoside reverse transcriptase inhibitor, have been recently approved as a complete
dual regimen for the maintenance treatment of HIV-1 infection in adults [2]. In Europe
and Switzerland, CAB and RPV are marketed as two separate injectable medicines un-
der the brand names VOCABRIA® and REKAMBYS®, respectively, while CABENUVA®,
a combined pack of CAB and RPV, is notably available in Canada and the United States.
After an optional oral lead-in period of CAB 30 mg plus RPV 25 mg once daily, followed
by an intramuscular (i.m.) loading dose (CAB/RPV at 600/900 mg), CAB and RPV are
administered through i.m. injections either every 2 months (q8w) at 600/900 mg or monthly
(q4w) at 400/600 mg. The nanosuspension technology enabled this long-acting injectable
(LAI) delivery approach by increasing the apparent half-life of CAB and RPV from 41 h and
45 h to approximately 8.5 weeks and 20.5 weeks, respectively, although with substantial
inter-individual variability already outlined in clinical trials [3]. Recently, LAI-CAB has also
been approved by the U.S. FDA for use in at-risk adults and adolescents for pre-exposure
prophylaxis (PrEP) to reduce the risk of sexually acquired HIV [4].

LA-ARTs undoubtedly have the potential to improve the treatment and prevention of
HIV infection, particularly in terms of patient confidentiality, convenience, and empower-
ment. In addition, they will essentially contribute to overcoming the challenge of adherence.
However, we hypothesize that close monitoring of the patients will probably be necessary
for an optimal implementation of these revolutionary approaches. Indeed, many people
living with HIV (PLWH) face complex situations, which are rarely taken into account in
most clinical trials [5–8]. Concomitant initiation of treatments for comorbidities with a
definite risk of drug–drug interactions (DDIs) (e.g., tuberculosis, HCV infection, cancer,
and further comorbidities associated with polypharmacy) will definitely require special
attention in people receiving this new LA-ART. Moreover, LAI-CAB/RPV therapy will
require close monitoring in underweight or obese people and possibly in pregnant women
with regard to not only efficacy but also tolerability and long-term safety. In particular,
a body mass index (BMI) greater than 30 already appears to be an independent risk factor
for CAB/RPV treatment failure [9].

In this context, we have launched a Swiss-wide prospective observational study within
the frame of the Swiss HIV Cohort Study (SHCS) (project SHCS#879). This project aims
to bring an original contribution to the monitoring of the LAI-ART by investigating the
characteristics of the LAI-CAB/RPV pharmacokinetics (PK) in real-life PLWH. Despite the
so far limited clinical validation of therapeutic drug monitoring (TDM) in the context of
ART [10], we believe that TDM will be an important component of optimal patient follow-
up in the LA-ART era. Indeed, with adherence no longer representing a confounding
factor (as long as the patients do not miss their injections’ appointments), physicians facing
inadequate therapeutic response in patients are likely to question whether they are actually
exposed to appropriate levels of antiretroviral drugs throughout the whole dosing intervals.
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Although population pharmacokinetic (popPK) analyses of CAB/RPV have been conducted
during phase III clinical trials [11,12], there is, to the best of our knowledge, no popPK
analysis involving a real-life cohort of PLWH. The SHCS#879 observational study addresses
an integrated strategy of LAI-ART treatment monitoring outside the stringent frame of
controlled clinical trials, based on relevant individual characteristics, demographic/clinical
factors, potential DDIs, and measurement of circulating blood concentrations. Based on the
information continuously gathered during the ongoing implementation of LAI-CAB/RPV
within the Swiss PLWH population, a popPK analysis will be performed to characterize
the variability of concentration-time profiles of LAI-CAB/RPV and to examine the patients’
covariates possibly influencing LAI-ART plasma exposure. Ultimately, the SHCS#879
project aims to develop a suitable popPK model, providing an individual prediction of the
range of trough concentration (Cmin) expected in a given PLWH, taking into account both
the known variability of drug concentrations and the patient’s individual characteristics.
The present article gives some insights into the first observations performed during the
implementation of LAI-CAB/RPV in Switzerland and examines whether they fit with our
underlying hypothesis on the clinical relevance of TDM.

2. Materials and Methods
2.1. Study Design

The SHCS, established in 1988, is an ongoing multicenter, clinic-based, prospective,
longitudinal, observational study including HIV-infected adults in Switzerland [13,14].
SHCS#879 is an ongoing Swiss-wide prospective observational project on LAI-CAB/RPV
in a real-life cohort of PLWH. Adults (>18 years old) enrolled in the SHCS and followed
up in the centers of Lausanne, Geneva, Bern, Basel, Zürich, St-Gall, and Lugano are
systematically included in the SHCS#879 project if they receive the CAB-RPV regimen. At
present, physicians are selecting in the first instance, PLWH who have been consistently
adherent to antiretroviral therapy, although this is not an inclusion criterion, in order to
avoid potential issues related to administration schedules (e.g., patients who forget or
fail to show up for drug administration appointments). In addition, a one-month oral
lead-in period is currently recommended in Switzerland [15,16], but its implementation
occurs according to physician and patient preferences. For the most part, the samples
are collected and the data are recorded at medical visits, on average every 2 months, or
at one or two of the bi-yearly planned SHCS cohort visits. These cohort visits do not
necessarily coincide with the day of CAB/RPV injection, resulting in samples obtained at
unselected times during the entire dosing interval. In addition, to enrich the data collected
during standard visits, detailed PK investigations are planned in PLWH who consent to
donate a few additional blood samples. These additional investigations will allow a better
characterization of the PK of early levels after i.m. injection and capture the actual Cmin
concentrations (just prior to next i.m. injection). Furthermore, considering the reported
existence of secondary depots of drug nanoparticles distributed throughout the lymphatic
and reticuloendothelial systems [17], CAB and RPV levels will be quantified in peripheral
blood mononuclear cells (PBMC) from a subset of consenting patients.

The study data (i.e., demographic parameters, adverse events, CAB/RPV dosing
regimen) are recorded using the study TDM request form, complemented with relevant
clinical information (i.e., CD4 count, viremia, lab values, comedications) extracted from
the national SHCS database, which contains the prospective medical records of SHCS
cohort visits. In particular, the date and time of both the blood sampling and injection of
LAI-CAB/RPV are carefully documented in the TDM request form, as the time lapse after
the dose is necessary to interpret plasma concentrations.

Of note, some individuals were receiving CAB and RPV prior to Swiss market autho-
rization and the start of the SHCS#879 study. Some samples were collected from PLWH
receiving treatment for compassionate use, while other samples were obtained as laboratory
quality control within the frame of the analytical method development. All these data
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could be included in the study since these individuals are still followed in their respective
SHCS centers.

2.2. Outcomes

The primary study endpoint is the quantification of CAB/RPV concentrations in
plasma, and in PBMC, for the development of detailed popPK models and the charac-
terization of the secondary depots of drug nanoparticles in PBMC, respectively. The key
secondary endpoint is the quantification of CAB/RPV Cmin in plasma as part of a validation
step assessing whether the PK model is able to predict actual Cmin based on one random
sample drawn at an unselected time during the dosing interval. Other secondary endpoints
include the comparison of PK characteristics from real-life patients on LAI-ART with those
deduced from clinical trials submitted to registration agencies, the association of “on-target”
plasma levels with treatment efficacy and tolerability, the assessment of the proportion of
patients who interrupt i.m. treatment and the subsequent analysis of predictors for the
interruption, and the identification of factors leading to a viral failure (defined as confirmed
HIV viral load > 200 copies/mL). Targeted and detailed exploration of specific clinical
situations is planned as well, such as undescribed DDIs or impact of specific comorbidities,
susceptible to affect the absorption and disposition of LAI-ART. None of these endpoints
of the SHCS#879 study have yet been attained at this early stage of the study, and thus,
this article focuses only on preliminary results indicating whether or not they support our
underlying assumption on the clinical interest of TDM.

2.3. Drug Level Measurements

The Laboratory of Clinical Pharmacology (CHUV, Lausanne, Switzerland) is equipped
with a state-of-the-art platform of six instruments of high-performance chromatography
coupled to tandem mass spectrometry (LC-MS/MS). It participates in International Ex-
ternal Quality Control Proficiency Programs for CAB and RPV (Asqualab, Paris, France,
https://www.asqualab.com/ accessed on 26 May 2022; KKGT, The Hague, The Netherlands,
http://kkgt.nl/?lang=en accessed on 26 May 2022), certifying accurate drug level measure-
ments. Whole blood samples are shipped immediately in a plastic transport protection
coffer to the Laboratory of Clinical Pharmacology. In-house stability studies indicate that
CAB and RPV are stable in the whole blood at room temperature for up to 96 h. Upon
arrival, blood samples are centrifuged (2000× g, 10 min at 4 ◦C), and the separated plasma
is frozen at −80 ◦C until analysis by LC-MS/MS, using a previously published validated
multiplex method [18]. The CAB and RPV’s lower limits of quantification are 25 ng/mL and
5 ng/mL, respectively. An analytical series for LC-MS/MS quantification is performed once
a week, and the TDM results are sent within the same week to the physicians in charge.

Concerning the investigations on PBMC, the quantification of cell-associated ART lev-
els require cell isolation immediately after blood collection using VacutainerTM Cell Prepa-
ration Tubes (CPT), using an adaptation of methods developed in our laboratory [19,20].
Cellular isolation is conducted according to the standardized procedure provided by the
manufacturer [21].

2.4. Pharmacokinetic Modelling

Circulating drug concentration in plasma is the principal driver for both the efficacy
and toxicity of most systemic therapies. Yet, drugs are often prescribed at standard dosages
without taking into account between-patient PK variability, which can be remarkably large
for some HIV drugs with a definite impact on therapeutic response. Multiple sources of
variability have been identified, including demographic, environmental, clinical, phar-
macological, and genetic factors. Population-based approaches represent the best way to
characterize the PK profile of drugs in a cohort of patients and to capture the contribution
of individual factors affecting drug levels [22,23].

The characterization of the LAI-CAB/RPV PK in PLWH enrolled in this study will be
performed using compartmental methods employing non-linear mixed effects modeling
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techniques. We will develop popPK models for CAB and RPV to describe their absorption
and disposition after the injection of LA formulations and determine the effects of specific
factors such as sex, age, body size, comorbidities, DDIs, and issues at the injection site or
concomitant pathophysiological conditions. These models will be used to derive Bayesian
maximum likelihood indicators of drug exposure (Cmin levels). As most (up to 97%) of
the SHCS participants have given their consent for genetic exploration, the popPK model
developed for the SHCS#879 study will also be used for pharmacogenetic explorations.

At this early stage of results examination, our essential question was simply whether
these first concentration data of LAI-CAB/RPV supported our underlying hypothesis of
a clinical interest in TDM. The first criterion for TDM candidates is a significant between-
subject PK variability associated with acceptable within-subject PK stability over time [24].
For our preliminary concentration data, this translates into statistically comparing the
inter-individual variability and the within-patient variability with a one-way analysis of
variance on log-transformed values, neglecting to a first approximation the influence of
time lapse after dose and various covariates.

3. Preliminary Results
3.1. Study Population

At this early stage of the ongoing study (last samples collected in July 2022), 46 PLWH
from Lausanne, Zürich, Bern, Geneva, and Basel have been so far included in SHCS#879.
Table 1 summarizes their demographic and clinical characteristics.

To date, most of the included individuals are less than 50 years old (61%, 28 PLWH),
male (83%, 38 PLWH), and Caucasian (63%, 29 PLWH), with relatively few comorbidities.
In addition, seven PLWH (15%) are considered obese (BMI higher than 30 kg/m2), while
more than half (54%, 25 PLWH) are classified as overweight (BMI between 25 and
30 kg/m2) [27]. No virologic failure, defined as confirmed HIV viral load > 200 copies/mL,
occurred, but viral blips (single HIV viral load < 200 copies/mL) were observed in three pa-
tients (7%). Overall, 94% of the PLWH were undetectable (HIV viral load < 50 copies/mL),
and one had missing data.

Individuals who were receiving CAB/RPV for compassionate use prior to Swiss
market authorization received LAI-CAB/RPV every 4 weeks (4%, 2 PLWH), as this was the
only recommended regimen at that time. However, these PLWH are to switch to the q8w
regimen, with one individual having switched very recently. Participants who started the
LAI treatment during the SHCS#879 study all receive the q8w regimen (96%, 44 PLWH).
The oral lead-in was not initiated for every PLWH, with 17% having started directly with
the i.m. loading dose. Lastly, various comedications were recorded, with five PLWH (30%)
having three or more comedications. None were considered likely to cause DDIs.

Table 1. Characteristics of the PLWH included in the SHCS#879 study.

Population Characteristics Recorded at Last
Cohort Visit or Last Sample Collection (n = 46) Median (Range) or Number (%) [Missing Data, (%)]

Demographic characteristics

Sex:
Male 38 (83)
Female 8 (17)

Ethnicity:
Caucasian 29 (63)
Black 6 (13)
Hispanic American 3 (7)
Asian 3 (7)
Unknown 5 (10)

Age (year) 45 (28–62)
Body weight (kg) 83 (63–120)
Height (cm) 177 (161–189)
BMI (kg/m2) 26 (19–37)
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Table 1. Cont.

Population Characteristics Recorded at Last
Cohort Visit or Last Sample Collection (n = 46) Median (Range) or Number (%) [Missing Data, (%)]

Physiological characteristics

Serum creatinine (µmol/L) 85 (46–131) [4, (9)]
CLCR (mL/min) a 111 (61–176) [4, (9)]
eGFR (mL/min/1.73 m2) b 92 (44–145) [4, (9)]
CKD stage (mL/min/1.73 m2)

G1: ≥90 21 (46) [4, (9)]
G2: 60–89 19 (41)
G3a: 45–59 1 (2)
G3b: 30–44 1 (2)

Liver function
Albumin (g/L) 44 (36–51) [17, (37)]
Bilirubin (µmol/L) 7 (3–19) [13, (28)]
AST (UI/L) 24 (13–44) [4, (9)]
ALT (UI/L) 26 (9–67) [4, (9)]

Heart blood pressure:
Diastolic pressure (mmHg) 80 (60–107) [4, (9)]
Systolic pressure (mmHg) 130 (108–180) [4, (9)]

Malabsorption after gastrectomy 1 (2)
HIV molecular biology

CD4 (cells/mm3) 667 (191–1192) [4, (9)]
HIV RNA (copies/mL)

<50 43 (94) [1, (2)]
>50 and <200 2 (4)

Previous antiretroviral therapy, no. (%):

Bictegravir/Tenofovir alafenamide/Emtricitabine 18 (39)

[5, (10)]
Elvitegravir/Tenofovir alafenamide/Emtricitabine/Cobicistat 6 (13)
Dolutegravir/Lamivudine 3 (7)
Darunavir/Tenofovir alafenamide/Emtricitabine/Cobicistat 3 (7)
Other 11 (24)

Antiretroviral therapy, no. (%):

Long-acting regimen
CAB-RPV q4w 2 (4)
CAB-RPV q8w 44 (96)

Followed oral lead-in period 38 (83)
Number of comedications, no. (%):

0 15 (33)

[4, (9)]

1 10 (22)
2 3 (7)
3 5 (10)
4 1 (2)
≥5 8 (17)

CKD: Chronic Kidney Disease; CLCR: Creatinine Clearance; eGFR: estimated Glomerular Filtration Rate;
AST: aspartate aminotransferase; ALT: alanine aminotransferase; q4w: every 4 weeks; q8w: every 8 weeks.
a CLCR calculated according to the Cockcroft and Gault equation [25]. b eGFR calculated according to the CKD-
EPI equations reported by Levey et al. [26]. Note that some PLWH were recently enrolled in the SHCS, while four
PLWH are in the SHCS process enrolment. Therefore, much of the data for these individuals are not yet available
at this time.

3.2. Adverse Events

Table 2 presents the main categories of reported adverse events.

Table 2. Main categories of reported adverse events.

Adverse Events Categories Number Reported in the TDM Request Forms (%) (n = 91) Number of PLWH (%) (n = 46)

No adverse events, no. (%) 67 (74%) 32 (70%)
Any adverse event, no. (%) 20 (22%) 14 (30%)

Injection site reaction a 11 (12%) 8 (17%)
Pyrexia b 1 (1%) 1 (2%)
Fatigue c 5 (5%) 4 (9%)
Headache 3 (3%) 2 (4%)
Musculoskeletal pain d 5 (5%) 4 (9%)
Gastrointestinal disorders e 2 (2%) 2 (4%)
Sleep disorders f 2 (2%) 2 (4%)

Missing data 4 (4%) -

a Includes pain/discomfort, nodules, induration, swelling, erythema, pruritis, bruising, discoloration, warmth,
hematoma. b Includes pyrexia, feeling hot, chills, influenza-like illness, body temperature increased. c Includes
fatigue, malaise, asthenia. d Includes musculoskeletal pain, musculoskeletal discomfort, back pain, myalgia, pain
in extremity. e Includes nausea, dizziness, diarrhea.f Includes insomnia, poor quality sleep, somnolence.
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The most common recorded adverse events were injection-site reactions (12%), re-
ported in eight PLWH (17%). Most people did not report any side effects (70%, 32 PLWH),
while seven individuals (15%) reported multiple adverse events.

3.3. Pharmacokinetics

Overall, 91 samples, of which 61 were collected during the long-acting dosing interval,
were obtained from the 46 PLWH so far enrolled in the study. Thirty samples were obtained
during or at the end of the oral lead-in period. Figure 1 shows the concentrations observed
up to now, compared to usual ranges (approximated for illustrative purposes) reported in
clinical trials [8,28–31].
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Figure 1. Observed plasma concentrations for the different dosing regimen of CAB and RPV, along 
with usual concentration ranges, approximated for illustrative purposes, from the ATLAS-2M trial 
shown as median profile and 5% and 95% percentiles [8]. Ranges are prolonged beyond 48 weeks 
for CAB as PK steady-state is reached after 44 weeks (dashed intervals) [29]. For RPV, 80% of the 
PK steady-state is achieved after 52 weeks [30], so the data were extrapolated accordingly, and 
showed accordance with the results of the FLAIR trial [28]. For visual purposes, dotted lines connect 

Figure 1. Observed plasma concentrations for the different dosing regimen of CAB and RPV, along
with usual concentration ranges, approximated for illustrative purposes, from the ATLAS-2M trial
shown as median profile and 5% and 95% percentiles [8]. Ranges are prolonged beyond 48 weeks for
CAB as PK steady-state is reached after 44 weeks (dashed intervals) [29]. For RPV, 80% of the PK
steady-state is achieved after 52 weeks [30], so the data were extrapolated accordingly, and showed
accordance with the results of the FLAIR trial [28]. For visual purposes, dotted lines connect drug
levels measurements (different color of dots for each PLWH) in the same PLWH. The horizontal
dashed lines represent the protein-adjusted inhibitory concentration required for 90% inhibition
(PAIC90). PAIC90 values are 166 ng/mL for CAB [32], and 12 ng/mL for RPV [33]. The oral lead-in
period followed by the loading dose period are indicated, prior to the initiation of maintenance
therapy. Finally, because concentrations from ATLAS-2M were obtained in patients who underwent
a 4-week oral lead-in period, data from individuals included in this present study who started
directly with injections were shifted accordingly to match the x-axis. PLWH: people living with HIV;
q4w: every 4 weeks; q8w: every 8 weeks.
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Observed concentrations confirm the hypothesis of an inter-individual variability
much larger than the within-patient variability for both CAB (101% vs. 50%, p = 0.002) and
RPV (94% vs. 27%, p < 0.0001). The concentrations observed are globally in accordance
with the ranges already reported in the literature. However, low RPV concentrations at
approximately two times the PAIC90 were observed in six individuals (13%). One patient
(receiving CAB/RPV q8w, in orange) showed a surprisingly rapid concentration decrease
during the follow-up injection, without identified cause. This patient’s medical records
containing historic TDM results performed during its previous oral therapy indicated
adequate exposure to bictegravir, also a substrate of CYP3A and UGT1A1, as are rilpivirine
and cabotegravir, respectively [34]. On the other hand, this individual is young and athletic
and was injecting anabolic steroids before starting LAI-CAB/RPV treatment, which might
suggest undisclosed exposure to an interacting treatment. Physical activity could also
result in greater absorption and, therefore, faster elimination [3]. Overall, the majority of
the blood samples were collected at or close to Cmin (85%, 77 samples). Notably, seven
samples (8%) were collected between 9 and 10 weeks after the last drug administration.

4. Discussion

The population included so far in the SHCS#879 project is relatively healthy and,
therefore, similar to the population observed in clinical trials. However, significant PK
variability is already observed, which confirms an important prerequisite for the ratio-
nal development of a TDM strategy. In particular, some RPV levels only reached about
two times the reported PAIC90 of 12 ng/mL. Such low levels of circulating RPV could be of
concern in terms of efficacy and safety. In clinical practice, a minimum plasma concentration
of 50 ng/mL is sometimes recommended [35,36]. Some authors even conclude that higher
plasma levels should be targeted [37]. In our study, one individual had not only low levels
of RPV but also low CAB for several weeks and showed a surprisingly rapid decrease over
one injection interval. Various hypotheses were considered, and a preliminary investigation
revealed that this individual was presumably not a rapid metabolizer of CYP3A and/or
UGT1A1, which could have explained the abnormally low plasma drug levels. Despite
the lack of definite clinical evidence [38–40], long-lasting physiologic or inductive effects
resulting from previous or reiterated use of anabolic steroids, such as an increased intrinsic
organ clearance or increased metabolic activity may last for weeks to months, and could
explain, to some extent at least, the observations. In addition, depending on the type of
steroid-conjugated fatty acid used, a slower release from the injected depot could also
have contributed to sustained physiologic or metabolic effects [38]. Eventually, nearly a
year after the start of the treatment, RPV and CAB concentrations reached levels within
the reported ranges. Although the timing may be quite revealing, further investigation
is needed to clearly establish the causal relationship. This case nevertheless highlights
the potential importance of TDM to prevent under- or over-exposure that could lead to
therapeutic failure or toxicity, respectively. In addition to the standard monitoring of viral
suppression and CD4 counts, TDM might become advised for ensuring optimal therapeutic
efficacy. Note that due to the small number of patients included at this time, it is difficult to
determine whether lower drug levels could cause viral blips.

The initial stage of the implementation of LAI-CAB/RPV in Switzerland has already
provided clinically useful information for improved patient management. In particular, at
the Lausanne center, the oral lead-in period has been reduced to only 3 weeks as the oral
steady-state is largely achieved after 21 days, and drug tolerability is certainly assessed.
The remnant tablets spared from week 4 are then available to complete the regimen in case
patients would miss or are unable to attend a scheduled i.m. appointment. On another
note, it appears that CAB injection is less painful than RPV injection. It is, therefore,
preferable to inject CAB first for the comfort of the patient. This recommendation is not
included in the official monographs but could have an impact on the long-term acceptability
of these treatments. Indeed, one of the main limitations associated with these drugs is
the large volumes injected, which can be painful and for which there is currently no
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alternative. Various formulations are currently being developed to address this issue and
may eventually allow for longer administration intervals [41–43].

On another note, the majority of samples were, expectedly, collected at or close to
Cmin, usually at the end of the optional oral lead-in period, just prior to the loading dose,
and then one month later, just prior to the first injection for the maintenance regimen. It is
indeed more convenient for healthcare professionals to perform blood sampling just before
the next injection. The patient is then asked to come only on the days when the drugs
are to be administered, i.e., every 2 months. It might be convenient sometimes, however,
to collect TDM samples at random times during the injection interval. When sufficient
data are available, popPK models will be developed for CAB and RPV using parametric
non-linear mixed effect modeling and validated by comparing the inferred PK-models
predictions with actual LAI-ART Cmin measured in patients. This clinical validation will
also indicate whether an intervention based on TDM might improve antivirals plasma
exposure in patients on LAI-ART, thereby giving indications on the potential suitability
of altering the LAI-ART dosing schedule by shortening or extending dosing intervals in
selected patients exhibiting lower or higher Cmin, respectively. Considering the timely
implication of LAI-ARTs in the management of HIV, the development of popPK models
will help improve the implementation of a clinically-appropriate TDM for these new drugs
in real-life situations.

As these are preliminary results from the implementation of LAI-CAB/RPV in Switzer-
land, only limited data are available at this time. As described above, physicians are at
present selecting PLWH who have been consistently adherent to antiretroviral therapy.
In addition, the organization, staff, and infrastructure are currently evolving to accom-
modate the new paradigm represented by these novel approaches. These issues limit, to
some extent, the ability to enroll patients at this time. We ultimately aim at including
200–300 PLWH over the next two years, with at least five samples collected per person,
thus reaching a total of more than 1000 blood samples. Our translational research collabora-
tion encompasses state-of-the-art mass spectrometry assays, access to institutional genetic
platforms, prospective capture of PK, pharmacodynamic, genetic, metabolic markers and
clinical data, modeling and simulation capabilities, and clinical expertise in TDM. This
setting, therefore, offers a unique opportunity for contributing to the short- and long-term
optimization of LAI-ARTs at the individual patient level.
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Abstract: Isavuconazole is a broad-spectrum azole anti-fungal not yet approved in children. We
conducted a retrospective, single-center review of isavuconazole use and routine therapeutic drug
monitoring in pediatric patients, extracting demographic, dosing, concentration, mortality and
hepatoxicity data. We constructed a nonparametric population model using Pmetrics. Of 26 patients,
19 (73%) were male. The mean (SD) age and weight were 12.7 (5.5) years and 50.9 (26.8) kg. Eighty
percent received between 9.7 and 10.6 mg/kg per dose. Ten (38%) subjects had proven fungal disease
and eight (31%) had probable disease, mostly with Candida and Aspergillus spp. The predicted
steady-state isavuconazole concentrations in our patients were similar to previous reports in children
and adults, and simulations with the proposed dosing of 10 mg/kg/dose every 8 h for 2 days
followed by once daily maintenance matched effective adult exposures. Attributable mortality (5
of 11 deaths) was associated with steady-state daily AUC < 60 mg∗h/L and higher AST/ALT with
trough concentrations > 5 mg/L. Neither dose nor trough alone correlated well with AUC, but AUC
can be estimated with one sample 10 h after the first maintenance dose or a trough concentration, if
combined with a Bayesian approach or a peak and trough without a Bayesian approach.

Keywords: isavuconazole; pediatric; pharmacokinetics; pharmacodynamics; Bayesian; therapeutic
drug monitoring; fungal infection; outcomes

1. Introduction

Invasive fungal infections (IFIs) are a major source of morbidity and mortality in im-
munocompromised pediatric patients. The incidence of IFI in patients with acute leukemia
or post stem cell transplant varied from 15–25% in one report [1]. Of these patients, esti-
mates of mortality are wide but significant, with 10–70% dying from IFI, depending on the
patient population. The most common causes of IFIs are Candida species, Aspergillus species,
and organisms from the Mucorales family [2]. The primary therapy for invasive Aspergillus
in children is considered to be voriconazole, which also has activity against Candida and
many other fungi, but complex, highly variable pharmacokinetics and significant toxicities,
plus lack of activity against Mucorales, make alternative therapy desirable [3]. Ampho-
tericin B has a broader spectrum of activity than voriconazole, often used empirically
for anti-fungal treatment or if voriconazole is not tolerated or active, but its significant
nephrotoxicity and lack of oral formulation make Amphotericin B no longer the antifungal
of choice for pediatric IFIs when alternatives are available.

Isavuconazole is a triazole that was FDA approved in 2015 and shown to be non-
inferior to voriconazole in treating invasive aspergillosis [4]. Isavuconazole is the only
other drug in addition to Amphotericin B approved by the US FDA to treat invasive
mucormycosis. In adults, isavuconazole appears to be better tolerated than voriconazole,
with reduced hepatobiliary, eye, and skin disorders [4]. While isavuconazole has been
approved for use in adults by the FDA, and numerous case reports and series indicate
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that it is likely safe and effective in pediatric populations, it is not yet approved for use in
children younger than 18 years of age.

Based on a prospective study of isavuconazole pharmacokinetics (PK) in pediatric
patients receiving the drug for anti-fungal prophylaxis, a pediatric dosage regimen was
proposed to match isavuconazole exposures after approved dosing in adults [5]. The
proposed pediatric regimen begins with a loading dose of 10 mg/kg/dose IV/PO every
8 h on days 1 and 2, followed by 10 mg/kg once daily with a maximum dosage of 372 mg.
Dosing is based on the pro-drug isavuconazonium, and 372 mg of isavuconazonium
is equivalent to 200 mg of isavuconazole. We wished to verify this dosage regimen in
another pediatric patient population and to explore pharmacokinetic/pharmacodynamic
(PK/PD) relationships.

During the first year of isavuconazole use at our hospital, we made it standard practice
to measure serum drug concentrations due to the lack of an approved pediatric dose. We
now report the results of our retrospective review of those initial patients at our hospital
who were prescribed oral and/or intravenous isavuconazole with available measured
serum concentrations. Our goals were four-fold: (1) to summarize the usage in our popula-
tion; (2) to estimate isavuconazole serum concentration-time profiles and characteristics
using a population approach, comparing to adult exposures and the previous pediatric
study [5]; (3) to assess for relationships between serum concentrations and both mortal-
ity and hepatotoxicity (PK/PD); and (4) to devise a maximally informative, optimized
sampling regimen to measure serum isavuconazole in our pediatric patients.

2. Materials and Methods
2.1. Study Design

We conducted a retrospective review of patients at the Children’s Hospital Los Angeles
(CHLA). The CHLA Institutional Review Board (IRB) approved the study and extraction
of data between 1 January 2019 and 31 May 2020, the period during which we routinely
collected blood samples for isavuconazole therapeutic drug monitoring (TDM). The IRB
waived the requirement for informed consent since we only used existing clinical data, all
of which was de-identified for this project.

2.2. Subjects

We searched our hospital electronic medical record system for eligible patients identi-
fied as those who met both of the following criteria: (1) received isavuconazole as part of
their standard inpatient care within the study period, and (2) underwent inpatient TDM
with measured serum drug concentrations of isavuconazole. We allowed inpatients who
were continuing isavuconazole therapy from the outpatient setting, but we restricted our
data extraction to hospital data because we could not verify outpatient isavuconazole
dosing times.

2.3. Data Collection

We searched our hospital electronic medical record system for eligible patients identi-
fied as those who met both of the following criteria: (1) received isavuconazole as part of
their standard inpatient care within the study period and (2) underwent inpatient TDM
with measured serum drug concentrations of isavuconazole. We allowed inpatients who
were continuing isavuconazole therapy from the outpatient setting, but we restricted our
data extraction to hospital data because we could not verify outpatient isavuconazole
dosing times.

For each included patient, we extracted demographic, dosing, concentration, and
clinical data, which we stored in an Excel spreadsheet. The dosing data included isavu-
conazonium dose date and time, amount, and route of administration. For intravenous
doses, the standard infusion time was one hour. The concentration data included date and
time of the sample and the measured isavuconazole concentration. All blood samples were
obtained for routine TDM. The CHLA isavuconazole TDM protocol was to obtain a trough
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concentration within one hour of the next dose. However, due to the long half-life of the
drug, random times were acceptable if more convenient for patient management. Samples
were to be obtained after maintenance dosing commenced. The exact number of main-
tenance doses prior to sampling varied but generally ranged between 3 and 7 unless the
patient was already receiving isavuconazole when admitted. The therapeutic serum target
in the first few days of dosing was >0.5 µg/mL, since steady state was not expected until
at least one week. The ultimate steady-state concentration goal was >1 µg/mL based on
the lower limit of the day 7 trough reported in the SECURE study (Supplemental Data) [4].
There was no established upper safety limit for the isavuconazole concentration.

For clinical data, we recorded underlying medical conditions, details of the fungal
infection including diagnostic certainty using EORTC criteria [6], location and pathogen
if identified, serum alanine transaminase (ALT), aspartate aminotransferase (AST) and
mortality with attributable cause as abstracted from the medical record.

2.4. Isavuconazole Measurement

The CHLA clinical laboratory sent frozen serum to Eurofins Viracor for measurement
of isavuconazole. The turn-around time was 3–5 days. Eurofins Viracor used methanol
protein precipitation and a validated high-performance liquid chromatography/tandem
mass spectrometry (HPLC/MS/MS) assay with deuterated isavuconazole as an internal
standard. The assay linear range was 0.10–10.0 µg/mL, with intra-assay imprecision of
≤3%, and inter-assay imprecision of ≤4%. The lower limit of detection was 0.041 µg/mL.
The bias of low, middle and high control samples ranged from −3% to 0%.

2.5. Population Modeling

For all data analysis and figures, we used R (4.2.1, R Core Team, Vienna, Austria),
including for population modeling and simulation with the Pmetrics package [7]. To
pre-process the data, we first ordered doses and concentrations by date/time for each
subject. When no documented loading doses were available for a given subject and hospital
admission, we assumed that the isavuconazole was carried forward from outpatient dosing
prior to admission and added 6 loading doses and 7 daily maintenance doses to the
beginning of the record to account for concentrations measured during the first week of
admission. For these prepended doses, we used the same dose amount as recorded on
admission in the medical record. We included all admissions for subjects with multiple
hospitalizations within the study period. Because sampling was typically very sparse, we
did not attempt to estimate interoccasion variability in model parameter values. We also
recorded measured weight, AST and ALT and ordered them with respect to date/time
obtained and dates/times of isavuconazole doses and concentrations. We assumed weight,
AST and ALT to change linearly between measurements for a given patient. We assumed
height to be unchanged during each admission.

Within Pmetrics, we used the non-parametric adaptive grid algorithm [8]. We tested
increasingly complex models, starting with the simplest model comprising linear absorption
(Ka) from an oral bolus compartment into a central compartment with volume V, clearance
(CL), intercompartmental clearance (Q) and volume of the peripheral compartment (Vp).
After finding the model with a peripheral compartment to be superior, we compared it
to a model parameterized with elimination, Ke, and transfer to (KCP) and from (KPC)
a peripheral compartment. For both CL and Ke models, we tested inclusion of weight
normalized to a reference weight of 70 kg as an allometric multiplier, using an exponent
of −0.25 for rate constants, 0.75 for clearance terms and 1.0 for volume terms. In addition
to these fixed exponents, we compared models with fitted allometric exponents and age-
dependent exponents as suggested by Mahmood et al. [9].

For the prediction error model, NPAG uses fixed coefficients that define a polynomial
equation, which in turn defines the standard deviation of any observation, such that
SD = C0 + C1 ∗ [c] + C2 ∗

[
c]2 + C3∗[ c]3, where {C0, . . . , C3} are the fixed coefficients

and [c] is the observed drug concentration. We set C0 = C1 = 0.1, and C2 = C3 = 0,
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which is an additive and proportional error model related to the measurement. Ideally,
coefficient values are determined by fitting the polynomial equation to assay validation
data, but the values we chose are typical when assay validation data are unavailable.
We used lambda (λ) to capture additional noise related to uncertainty in the data (e.g.,
small misspecifications in dose amount or dose/sample times) and model misspecification,
such that individual observations were fitted by NPAG with weights of the inverse of the
variance, i.e., (λ + SD)−2. λ was optimized over the population.

For model selection, we were particularly interested in mean posterior prediction
bias (mean weighted prediction minus observation) to evaluate the models, since we
were most interested in estimating individual exposures to correlate with clinical outcomes.
However, because we also wished to use the model for simulation, we evaluated the Akaike
Information Criterion, population bias, population/posterior imprecision (bias-adjusted,
mean weighted squared prediction minus observation) and the normalized prediction
distribution error (npde) method of Comets et al. [10], using the npde package (version 3.2)
for R, to which Pmetrics links. Overall, we chose the model with the best performance in
the largest number of these criteria.

2.6. Use of the Population Model

We had four major objectives for the accepted model: (1) to compare the exposures in
our pediatric patients to reference adult exposures reported in the package insert after ap-
proved dosing and to previously reported pediatric exposures [5]; (2) to compare simulated
pediatric exposures associated with the proposed dosing of 10 mg/kg every 8 h for 2 days,
followed by once daily thereafter to the reference exposures; (3) to test whether average
daily trough and/or 24-h area under the time-concentration profile (AUC) were associated
either with mortality or with ALT/AST as markers of toxicity; and (4) to calculate the
optimal time to sample for isavuconazole measurement to best estimate AUC.

For objective 1, since published reference adult values in the package insert are at
steady state, we appended an additional 20 regularly timed doses administered every
24 h to the end of each patient’s data file. This permitted us to analyze their individually
predicted concentration-time profiles at steady state. We used the final dose and subsequent
24-h concentration profile for these calculations. We extracted each subject’s projected
steady-state maximum concentration (Cmax), time to Cmax (Tmax) for oral dosing and
minimum (trough) concentration. We conducted non-compartmental analyses including
estimation of AUC by the trapezoidal approximation and calculation of half-life (T-half) by
linear regression on the final 5 predicted concentrations. We calculated clearance by the
equation CL = Dose/AUC, assuming 100% bioavailability for oral doses (reported as 98%
in the Cresemba package insert). However, we did adjust the dose by a factor of 0.54 for this
calculation of CL to reflect that isavuconazole is supplied as the prodrug isavuconazonium,
for which 372 mg = 200 mg of active compound and 200/372 = 0.54.

For objective 2, we used the simulation function in Pmetrics and the population model
to estimate the exposure after 3 weeks of daily dosing following an initial two-day loading
with doses every 8 h on each of the first two days (six total loading doses). All simulated
doses were 10 mg/kg. Of the 2000 simulated patients, half were oral dosing and half were
intravenous. We used the mean weight in our study population (50 kg) and the SD of
the weight (27 kg) for the purposes of simulating the weights. We used a mean age of
10 and SD of 8 years, limiting the range to <18 years. Pmetrics maintains all population
correlations between covariates and between covariates and parameters when simulating.
As above, we calculated Cmax, Tmax, trough concentration, AUC, T-half and CL from the
final 24 h of each simulated profile.

For objective 3, we calculated the average daily trough concentration and AUC from
each subject’s individual, Bayesian-posterior predicted concentration-time profiles, with
predictions at one-hour intervals. To estimate only the actual subject exposures, we omitted
the trailing 20 doses we had appended to predict steady state PK profiles for objective 1
above. For the average daily AUC, we calculated the total AUC for the entire study period
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for each subject, divided this number by the total time in hours and multiplied by 24 to
obtain the daily average. Then, by Wilcoxon rank sum for univariate testing or multiple
linear regression, we tested the associations between isavuconazole trough concentration
and AUC (log transformed to satisfy assumptions of normality) vs. ALT and AST AUC,
calculated in a similar manner as for isavuconazole AUC but only dividing total AST/ALT
AUC by total time to generate an estimate of average ALT/AST over the study period.
By multiple logistic regression, we tested the association between isavuconazole trough
concentration, AUC and mortality, both crude and attributable to the IFI. For all regressions,
we additionally included dose, weight, height, age and sex as possible predictors. We used
the “step” function in R to test predictors by forward and backward elimination.

For Objective 4, we used our multiple-model optimal (MMopt) sampling algorithm [11].
MMopt finds any number of times at which point the possible concentration time profiles
arising from the discrete support points in the population model are the most separate for
a given dosage regimen. This minimizes the risk of choosing a misinformative Bayesian
posterior parameter value distribution for an individual by maximizing the information
content of a given sample. We used the same regimen as for Objective 2. MMopt has a
number of advantages over traditional D-optimal sampling [12], in particular, that the
number of samples does not have to be equal to the number of model parameters, although
the risk of choosing a misinformative prior drops with increasing sample number. MMopt
can also be tuned or “weighted” to maximize discrimination of a particular statistic, and in
this case, we chose to minimize the risk of estimating an incorrect AUC as our statistic of
choice. Because we were interested in informing clinical practice, we tested only a single
MMopt sample obtained in the 24-h window after the first maintenance dose from 48 to 72 h
after start of therapy. The endpoint was predicted AUC from 48 to 96 h based on simulated
concentrations every hour (full AUC) compared to the Bayesian posterior AUC estimates
from simulated patients with only the MMopt sample available (i.e., one isavuconazole
concentration or limited AUC).

3. Results
3.1. Study Population

We identified 26 patients who met the eligibility criteria, of whom 19 (73%) were male.
The mean (SD) age was 12.7 (5.5) years with a range of 10.8 months to 20.3 years. Mean
weight was 50.9 (26.8) kg, range 9.3 to 116.6 kg. Of the 26, 18 (69%) had pulmonary disease.
The rest of the subjects suffered from either sinus or disseminated infections. Based on
EORTC criteria, 10 (38%) subjects had proven disease: five were Candida species (one each
for albicans, tropicalis, krusei, glabrata, and parapsilosis), one Rhizomucor pusillus, one
Absidia sp., one mixed Aspergillus fumigatus and A. terreus and two Mucorales sp. Based on
positive galactomannan with compatible radiographic findings in an immunocompromised
host, an additional 8 (31%) had probable disease. The final 8 (31%) had possible disease.
The underlying diagnosis was leukemia or lymphoma for 22 (79%) of the patients.

3.2. Therapeutic Characteristics

There were 8 episodes in 7 patients that required pre-pended doses due to outpatient
dosing prior to admission. Only one patient had pre-pended doses for the first episode,
i.e., the other 6 patients started isavuconazole in the hospital during a study period,
were discharged and had at least one subsequent occasion/readmission while still taking
isavuconazole. A median of 12 isavuconazole doses were modeled per subject, ranging
from 6 to 65. Of 455 isavuconazole doses in the data, 152 (33%) were oral. For both routes
of administration, 176 (39%) doses were capped at the adult dose of 372 mg in 17 (65%)
of the 26 subjects. Among the subjects who received doses less than 372 mg, the mean
dose was 9.8 mg/kg, with 80% between 9.7 and 10.6 mg/kg and a range between 5.9 and
11.3 mg/kg.

One sample was obtained from 18 of the subjects, two samples from three subjects,
three samples from two subjects, and four to six samples from one subject each. The median
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time of sampling was 17.9 h after the previous dose, with 29 (64%) of the 45 samples as
trough concentrations obtained between 20 and 25 h post-dose. The full distribution of post-
dose sample times is shown in Figure 1. The median trough concentration was 3.0 mg/L,
ranging between 0.9 and 10.0 mg/L. The median concentration obtained within five hours
after the dose (roughly a peak for oral) was 3.8 mg/L, range 3.1 to 5.6 mg/L. Note that
the median peak and trough were similar, reflecting the very long half-life. Furthermore,
most patients did not have early concentrations, so the range of trough concentrations was
greater than the peak.
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Figure 1. Distribution of blood sampling times after prior isavuconazole dose in the population. The
majority were trough concentrations near the end of the dosing interval (24 h).

3.3. Model Fit

Starting with models parameterized with clearance, the best model had orally admin-
istered drug transferring from the depot compartment with a fractional absorption rate
constant (Ka) to the central compartment with volume V, clearance (CL) and distribution to
and from (Q), a peripheral compartment with volume Vp. Models with delayed or fixed
absorption or bioavailability increased the prediction bias and decreased the likelihood,
so we discarded them. Fitting the allometric exponent for weight normalized to 70 kg
on CL resulted in a mean value of 0.72, very close to the theoretical value of 0.75. The
age-dependent fixed exponents were not better than the theoretical value of 0.75. Therefore,
we retained the constant 0.75 model. However, re-parameterizing the CL model with rate
constants resulted in improved likelihood and reduced prediction bias. Therefore, our final
model had drug eliminated from the central compartment (Ke) and transferred to (KCP)
and from (KPC) the peripheral compartment. Weight was normalized to 70 kg and scaled
to each transfer rate with a fixed exponent of −0.25. Normalized weight was scaled to V by
a fixed exponent of 1.

Summaries of the final model parameters are shown in Table 1. The discrete marginal
distributions and final support points for the model parameters are shown in Supplemental
Figure S1 and Table S1, and observed vs. predicted plots are shown in Figure 2. The npde
plot is shown in Supplemental Figure S2.
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Table 1. Population parameter value summaries. Ka, absorption; KCP0, distribution from central
to peripheral compartment; Ke0, elimination from central compartment; KPC0, distribution from
peripheral to central compartment; V0, volume of the central compartment.

Parameter Median (95% CI) Range Shrinkage

Ka (h−1) 12.00 (0.03–12.00) 0.01–12.00 48%
KCP0 (h−1) 2.42 (0.14–4.39) 0.10–6.38 41%
Ke0 (h−1) 0.10 (0.05–0.12) 1.52 × 10−05–0.12 40%
KPC0 (h−1) 0.51 (0.13–1.34) 0.03–5.00 57%
V0 (L) 45.50 (37.27–53.92) 24.58–73.32 45%
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Overall, while there was considerable variability in the parameter values, based on
an excellent R2 for the posterior predictions with low bias and regression slope of close to
one for both population and posterior predictions, npde in good agreement with expected
distribution and moderate parameter shrinkage, we felt confident in the model to estimate
individual exposures and to simulate expected exposures.
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3.4. Objective 1: Steady State Pediatric Exposures Compared to Adult Benchmarks

Projected steady-state non-compartmental PK parameters in our population, given
their individual dosing and body weight, and a comparison with adult values are shown
in Table 2.

Table 2. Comparison between steady-state pharmacokinetic characteristics in the current study
population with reference values, arranged by dosing route (IV with white and Oral with grey
background). Letters correspond to Objective, but rows are arranged to facilitate comparison between
individual steady state (Objective 1), simulated steady state (Objective 2), and a previously reported
external dataset of pediatric patients [5]. All rows are pediatric except for Row G. Rows A, B: Projected
steady state in the current study population. Except for Row G, all data are presented as median (95%
ile). Rows C, D: Steady state in simulated pediatric patients with 10 mg/kg loading every 8 h on
days 1 and 2, followed by a week of daily dosing. Rows E, F: Weighted median (range) in pediatric
patients extracted from Table 2 in Arrieta et al. [5] by taking the weighted median across age groups.
Row G: geometric mean values from the Cresemba package insert.

Population (N) Route Cmax (mg/L) Tmax (h) Thalf (h) AUC
(mg∗h/L) CL (L/h)

A Current (26)
(Objective 1) IV 5.9

(4.2–18.6) – 49.5
(8.8–2767)

70.8
(41.4–336.0)

1.6
(0.3–4.8)

C Simulated (1000)
(Objective 2) IV 8.8

(5.8–29.1) – 42.1
(7.9–1959.3)

115.9
(65.0–639.6)

1.7
(0.3–3.1)

E External (45) IV 6.6
(3.44–9.96) – NR 86.3

(43.0–179.0) NR

B Current (26)
(Objective 1) Oral 6.0

(4.0–14.6)
2.0

(0–9)
44.7

(8.7–3183)
107.3

(70.1–295.0)
1.4

(0.5–2.3)

D Simulated (1000)
(Objective 2) Oral 6.8

(4.0–22.8)
1.0

(1.0–7.0)
37.4

(7.8–1857.2)
112.8

(62.0–532.8)
1.7

(0.4–3.2)

F External (45) Oral 5.6
(2.0–8.9)

4.0
(2.0–8.0) NR 97.7

(37.6–185) NR

G Adult (37) Oral 7.4 3 130 121 2

Overall, there was good agreement between pediatric and adult exposures, as summa-
rized by Cmax, Tmax and AUC, with slightly higher median Cmax and AUC in adults. The
half-life appeared to be somewhat shorter in children, but clearance was lower, implying
by the relationship thalf =

ln(2)
CL ∗V that volume of distribution was smaller in the children.

Indeed, we estimated median volume at steady state (Vss) to be 115 L, compared to a mean
Vss of 450 L in adults reported in the Cresemba package insert.

The full distributions of projected steady-state trough concentrations and AUCs are
shown in Figure 3. Overall, the trough concentrations and the AUCs for children were
within adult ranges, but on the lower end. Figure 4 shows the lack of relationship between
isavuconazonium dose in mg/kg and average daily AUC and a marginal linear relationship
between isavuconazole trough concentration and AUC. The variability around the linear
regression between trough concentration and AUC was wide, such that the AUC 95%
prediction interval for the median study population trough concentration of 3 mg/L was
77 to 163 mg∗h/L, more than a two-fold difference.
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Regression statistics for the dose were slope = 0.35, p = 0.73, R2 = 0.004. For the trough concentration 
they were slope = 25.5, p = 0.04, R2 = 0.13. 

  

Figure 3. Distribution of projected steady-state trough concentrations (left) and 24-h AUC (right)
in the current study population. For trough concentrations, dashed lines are the ranges (0.45 and
8.6 mg/L) and the dotted line is the median (3.7 mg/L) of the assumed steady state for adults,
based on concentrations measured on day 14 in the SECURE study (included in their published
Supplemental Data) [4]. For AUCs, the upper dashed line (233 mg∗h/L) is the minimum adult
AUC in a high-dose isavuconazole study with increased toxicity, used as an upper threshold by
Arietta et al. [5]. The lower dashed line (60 mg∗h/L) is the 25th percentile for adults in the SECURE
study, again used by Arrieta et al. as the lower target in their pediatric study. The horizontal solid
line in each box is the median, the upper and lower box margins are the interquartile range (IQR,
25th and 75th percentiles), the whiskers extend to 1.5× IQR, and points are outliers.
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tration (right). Dashed line is the linear regression and shaded area is the 95% confidence interval.
Regression statistics for the dose were slope = 0.35, p = 0.73, R2 = 0.004. For the trough concentration
they were slope = 25.5, p = 0.04, R2 = 0.13.

79



Pharmaceutics 2023, 15, 75

3.5. Objective 2: Simulated Pediatric Exposures from 10 mg/kg Dosing Compared to Adult Benchmarks

Table 2 includes a comparison between adult values compared with distributions
in 2000 simulated pediatric patients. Dosing for the simulated patients was 10 mg/kg
IV or oral, 3 times daily for two days, followed by a week of once-daily dosing. Doses
were capped at the adult dose of 372 mg in accordance with the proposed regimen [5]
and likely typical clinical practice. Median (range) simulated weights and ages were 47.3
(10.6–77.3) kg and 10.2 (2.2–17.2) years, with the same correlation as the study population
between weight and age and between these covariates and the model parameters. As
for the projected steady state metrics in our study population, overall, there was good
agreement between simulated pediatric and adult exposures. Again, half-life was shorter
in children.

The distributions of simulated steady-state trough concentration and AUC are shown
in Figure 5. Overall, the simulated steady-state trough concentrations and AUCs for
children were within adult ranges but on the lower end.
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1000 simulated patients administered isavuconazole 10 mg/kg/dose IV q8h on the first two days
and then daily for a week. Reference lines are the same as for Error! Reference source not found.

3.6. Objective 3: PK/PD Relationships
3.6.1. Mortality

Of the 11 deaths in the study population, five could be attributed at least partially
to their IFI (3 proven, 2 probable), and for the remaining six, it was uncertain if the
IFI (2 proven, 2 probable, 2 possible) contributed to mortality. Among all patients who
died (crude mortality), there was no clear relationship between death and average daily
isavuconazole trough, AUC, or AUC > 91.58 mg∗h/L, which was the population median,
as shown in Table 3, top half.

However, when considering mortality attributed to the IFI vs. those who survived
or died from causes other than an IFI, average daily AUC was lower in those with
attributed mortality, and all the patients who succumbed to their IFI had an average
daily AUC < 91.58 mg∗h/L (Table 3, bottom half). By univariate analysis, median AUC
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was higher in those without attributed mortality vs. those with attributed mortality
(104.2 vs. 53.7, p = 0.034, Wilcoxon rank sum), as shown in Figure 6. Further multivariate
logistic regression analysis with forward/backward elimination to predict attributed mor-
tality identified only average daily AUC (p = 0.058) as a borderline significant predictor
controlling for weight, age, trough concentration and dose. Although trough concentration
was not a significant predictor of attributable mortality, average daily steady-state trough
concentration did tend to be lower in this group. All of the four patients with a steady state
daily AUC of <60 mg∗h/L (the lower threshold used by Arietta et al. [5]) had average daily
steady-state trough concentrations < 2 mg/L, although 2 of the 5 with attributed mortality
were above this trough threshold.

Table 3. Relationship between isavuconazole exposures and survival outcomes. Trough and AUC
are within-patient average daily values. The AUC threshold of 91.58 mg∗h/L is the population
median. Mortality is considered in two ways: crude (top section), and mortality attributed by treating
clinicians to the invasive fungal infection (bottom section).

Survived (n = 15) Died (n = 11) p-Value (Test)

Trough (mg/L) 3.6 (1.9–6.5) 2.3 (1.2–8.2) 0.10 (Wilcox)
AUC (mg∗h/L) 93.4 (40.1–476.6) 89.8 (22.2–282.3) 0.38 (Wilcox)

AUC > 91.58 8 (53%) 5 (45%) 1 (Fisher)
Non-attributed mortality or

survived (n = 21)
Attributed mortality

(n = 5)
Trough 3.6 (1.4–7.9) 1.7 (1.3–5.1) 0.09 (Wilcox)
AUC 104.2 (27.5–458.5) 53.7 (29.7–86.7) 0.03 (Wilcox)

AUC > 91.58 13 (62%) 0 (0%) 0.04 (Fisher)
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 Survived (n = 15) Died (n = 11) p-Value (Test) 
Trough (mg/L) 3.6 (1.9–6.5) 2.3 (1.2–8.2) 0.10 (Wilcox) 
AUC (mg∗h/L) 93.4 (40.1–476.6) 89.8 (22.2–282.3) 0.38 (Wilcox) 

AUC > 91.58 8 (53%) 5 (45%) 1 (Fisher) 
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Wilcoxon rank sum), as shown in Figure 6. Further multivariate logistic regression analysis 
with forward/backward elimination to predict attributed mortality identified only average 
daily AUC (p = 0.058) as a borderline significant predictor controlling for weight, age, 
trough concentration and dose. Although trough concentration was not a significant pre-
dictor of attributable mortality, average daily steady-state trough concentration did tend 
to be lower in this group. All of the four patients with a steady state daily AUC of <60 
mg*h/L (the lower threshold used by Arietta et al. [5]) had average daily steady-state 
trough concentrations < 2 mg/L, although 2 of the 5 with attributed mortality were above 
this trough threshold. 

 
Figure 6. Distribution of isavuconazole average daily trough concentrations (left) and AUCs (right) in 
subjects who either survived or were not considered to have died from their IFI (attributed mortality 
Figure 6. Distribution of isavuconazole average daily trough concentrations (left) and AUCs
(right) in subjects who either survived or were not considered to have died from their IFI (at-
tributed mortality = NO) vs. those who were considered to have died from their IFI (Attributed
Mortality = YES). The same adult reference concentrations as for Table 2 are indicated by horizontal
dashed lines. The median trough concentrations were 3.6 vs. 1.6, p = 0.09 (Wilcoxon rank sum) and
median AUCs were 104.2 vs. 53.7, p = 0.03, Wilcoxon rank sum.
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3.6.2. Hepatotoxicity

Average AST and ALT were commonly elevated above 40 IU (AST: n = 14, 54%; ALT:
n = 15, 58%) in this population with polypharmacy and multiple co-morbid conditions.
The maximum values observed were 1144 IU and 698 IU for AST and ALT, respectively.
We defined emergent hepatoxicity as either an increase to >3× upper limit normal (ULN)
for those with normal baseline AST/ALT, or 3× baseline for those with baseline abnormal
enzymes (>1× ULN). For both AST and ALT, 14 (54%) of the patients had elevated values
at baseline. Four (15%) had emergent toxicity by AST and ALT and an additional patient by
ALT only (5 total, 19%) while taking isavuconazole. Although the ALT was improving in 3
(60%) of the 5, it had not returned to baseline by the end of the study period in any subject.

By multivariate linear regression with forward and backward elimination, a mean
daily isavuconazole trough > 5 mg/L was associated with higher average daily AST
(p = 0.003) and ALT (p = 0.005), controlling for mean daily isavuconazole AUC and dose.
By multiple logistic regression, controlling for AUC and dose, a trough of >5 mg/L was
also independently associated with occurrence of treatment-emergent elevations for AST
(p = 0.03) and for ALT (p = 0.05), as shown in Figure 7.
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mean daily isavuconazole trough concentration.

3.7. Objective 4: Optimal Sampling

We restricted the optimal sampling window to between 48 and 72 h after start of
therapy to allow for completion of all 6 loading doses and the first maintenance dose yet
balance the need to assess exposure early. The single optimal sampling time for both IV
and oral dosing was 58 h, i.e., 10 h after the first maintenance dose. We compared the
“Full” simulated AUC from 48 to 96 h to the “Limited” AUCs calculated from the median
of the Bayesian posterior parameter distributions based on the single MMopt sample in
each of 200 simulated subjects (half IV dosing, half oral dosing) or based on a trough. The
distributions of full vs. limited AUCs are shown in Figure 8. For IV administration, the
geometric mean full AUC was 248; for MM, it was 244; and for trough, it was 229 mg∗h/L
(p = 0.45, analysis of variance). For oral administration, full AUC was 225, MM was 237
and trough was 253 (p = 0.14).
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concentrations simulated every hour (Full) or predictions from models using only a single MMopt
sample (MM) at 10 h after the first maintenance dose or the trough concentration (Trough) after the
first maintenance dose to generate the Bayesian posterior parameter value probability distributions.

4. Discussion

In the most comprehensive report thus far of isavuconazole PK/PD in children with
possible, probable or proven invasive fungal infections (IFI), we found that the proposed
dose of isavuconazonium 10 mg/kg, capped at the adult dose of 372 mg, is likely safe and
effective in children, at least as an initial regimen. Our study population, who largely re-
ceived this dose or close to it, had projected average steady-state trough concentrations and
AUCs very similar to previously studied children given the same dose for prophylaxis [5],
who in turn were very similar to adults with IFIs who were treated with isavuconazole [4].
With our population model developed from the real subjects, we demonstrated similar
average exposures in a simulated population of children ranging from 2 to 18 years and
10 to 77 kg dosed according to the proposed regimen above. Nevertheless, there was
considerable interpatient variability in isavuconazole concentrations.

For PK/PD relationships, we found that all 5 subjects whose deaths were attributable
to their IFI had serum isavuconazole average daily AUCs below 90 mg∗h/L, and 4 of
the 5 were below 60 mg∗h/L, which was a proposed lower limit in a previous pediatric
study of isavuconazole PK used for prophylaxis [5]. Although the median daily trough
concentration was also lower in those with IFI-attributed mortality, there was substantial
heterogeneity, making it difficult to establish a threshold: three were below 2 mg/L, one
was between 2 and 3 mg/L, and one was >5 mg/L on average.

A question arises whether isavuconazole trough concentrations are generally a good
surrogate for AUC when AUC is the true isavuconazole target based on murine studies
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of invasive candidiasis [13] and aspergillosis [14], consistent with animal studies of other
azoles, as well as our own findings regarding attributable mortality. We found that while
there may have been a statistically significant linear relationship between isavuconazole
trough concentration and AUC, the variability around the regression line, with an R2

value of only 0.13, forces us to conclude that isavuconazole trough concentrations do
not predict AUC with enough precision to truly ensure the AUCs greater than those we
found to be associated with attributed mortality. This is the same as we have found for
vancomycin [15–17] and may be part of the reason why there is no clearly established
trough concentration target for isavuconazole. However, we did find that when combined
with our population model, a limited trough sampling strategy after the first maintenance
dose predicts AUC with an accuracy that cannot be statistically distinguished from an opti-
mally timed sample 10 h after the same dose. The similarity between trough and optimal
sample is likely due to the long half-life of the drug. Nevertheless, the trough concentration
only became a useful predictor of AUC when combined with a population model.

In contrast to attributable mortality, we found that the measured trough concentration
was more predictive of increases in liver enzymes than AUC. There was a highly significant
linear relationship between average trough concentration > 5 mg/L and either higher aver-
age AST or ALT and a borderline association with average trough concentration > 5 mg/L
and emergent hepatotoxicity on treatment. Since we analyzed average trough concentra-
tion, this threshold is not meant to be one that is never exceeded but merely a suggestion
that prolonged trough concentrations above this will likely increase the risk of developing
some degree of enzyme elevation. As we found for voriconazole [18], many children will
experience bumps in their enzymes while on azole therapy, but will regress towards or
achieve baseline values without the need to stop or change therapy.

A previous secondary analysis of the relationship between isavuconazole exposure
metrics and outcomes including mortality and liver enzyme elevations in adults from the
SECURE study found no discernible PK/PD relationship [19]. While it is possible that
the relationships we found were by chance, despite the p-values, given our very small
population size relative to the SECURE study, there are some differences worth noting.
First, we examined IFI-attributed mortality, which we believe to be more relevant in a
highly co-morbid population to antifungal PK/PD rather than crude mortality as measured
by Desai et al. Second, we had a higher level of liver enzyme elevation in approximately
50% of our subjects compared to their surprisingly low ~10% rate. We also estimated
average AST/ALT as the area under the total concentration time profile divided by the
total time, which corrects for sparse or irregular sampling, and used that as our outcome,
rather than individual values. Third, the isavuconazole exposure variability (CV%) in the
adult study was reported as 62%, while it was 92% based on average daily AUC in our
study. This equated to a 25-fold AUC difference between the highest and lowest subjects,
and the broader range may have allowed us to find PK/PD relationships not previously
demonstrated. This last point has important therapeutic implications. Despite a 4.6-fold
difference in dose (mg/kg) across our pediatric population, the AUC difference was much
greater, and there was no correlation between dose and AUC. Clearly, the same dose,
even adjusted for bodyweight, does not lead to predictable or consistent exposures in a
real-world population of children with IFI.

Regarding our model, we found the best to be a central compartment with a single
peripheral compartment. The prior pediatric population PK model found an additional
peripheral compartment improved the predictions [5]. However, this is likely due to more
intensive sampling than was available to us, and our model did not appear to suffer in its
ability to predict exposures very closely in line with prior reports. On a final note about
our model, there is great debate in the pharmacometric literature on whether allometric
exponents should be fixed, fixed with a maturation function, fixed according to age, or
fitted. We found that fitting the exponent on clearance resulted in an allometric exponent
of 0.72, very close to the theoretical value of 0.75, and that age-dependent fixed values
were not any better. Isavuconazole is highly bound to albumin, and it is metabolized
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extensively by CYP3A4/5. For such drugs, where average CYP3A4/5 enzyme maturation
is 76% of adult values by one year of age and 92% by 5 years of age (van Rongen et al., their
Table 4) [20], allometry using fixed exponents without a maturation function is expected to
be the preferred method of scaling (van Rongen et al., their Table 2) [20]. This is exactly
what we found in our population, which had 1 subject 10.8 months, 1 subject 2.6 years old,
1 subject 3.3 years old, and the remaining 23 subjects aged 5 years and older.

The main limitation of our study is the small sample size. It was also retrospective,
which means that there can be confounding factors that we were not able to control that
affected outcomes, such as other contributions to mortality or to hepatoxicity. Nevertheless,
despite these limitations, we believe we have shed some light on the PK/PD of isavucona-
zole in the pediatric population. We found that an average daily AUC of <60 mg∗h/L
was associated with increased risk of mortality attributed to IFI. We also found that risk
of hepatotoxicity increased with mounting isavuconazole trough concentrations and that
5 mg/L may be a reasonable threshold above which extra caution is warranted.

Finally, unlike previous conclusions in adults [19], we feel that the poor correlation
between dose and serum concentrations, the wide variability of serum exposures in children,
and the suggestion of exposure response relationships all merit strong consideration of
optimized dosing based on measured drug concentrations in these incredibly vulnerable
patients with little room for therapeutic error. As for vancomycin, AUC-guided dosing
appears best for efficacy, with trough-guided dosing to avoid hepatotoxicity. Obtaining
a steady-state peak concentration in addition to the trough concentration would permit
estimation of AUC by fundamental PK equations, as we have outlined for vancomycin [21].
The disadvantage of this strategy is the need to wait for steady state, which is likely not until
after the 5th maintenance dose (i.e., day 7 or beyond). A single steady-state trough sample
of >2 mg/L may predict an AUC above a proposed lower threshold of 60 mg∗h/L [5],
but we did not find either threshold to be predictive of survival. In our opinion, a better
approach is to obtain either one sample 10 h after the first maintenance dose or a trough
concentration combined with a Bayesian algorithm and a population model to estimate
AUC, targeting a steady-state value > 100 mg∗h/L.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15010075/s1, Figure S1: Marginal probability
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Table S1: Model support points.
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Abstract: Background: Cefiderocol is a siderophore cephalosporin antibiotic active against Gram-
negative bacteria, including extended-spectrum beta-lactamase and carbapenemase-producing strains.
The pharmacokinetics of cefiderocol has been studied in healthy subjects and particularly in phase
II and III studies. This retrospective study investigated intravenous cefiderocol population phar-
macokinetics in adult patients treated by cefiderocol. Methods: We studied 55 consecutive patients
hospitalized in an intensive care unit. Cefiderocol plasma samples were obtained on different occa-
sions during treatment. Plasma concentration was assayed using mass spectrometry. Data analysis
was performed using a non-linear mixed-effect approach via Monolix 2020R1. Results: A total of
205 plasma samples were obtained from 55 patients. Eighty percent of patients received cefiderocol
for ventilator-associated pneumonia due to carbapenem-resistant Pseudomonas aeruginosa infection.
Cefiderocol concentration time-courses were best fit to a two-compartment open model with first-
order elimination. Elimination clearance was positively related to renal function (estimated by the
CKD formula). Adding albumin plasma binding in the model significantly improved the model
assuming a ~40% unbound drug fraction given a ~40 g/L albuminemia. The final model included
CKD plus cefiderocol plasma binding effects. Fat-free mass was better than total body weight to
influence, via the allometric rule, clearance and volume terms, but this effect was negligible. The
final clearance based on free circulating drug (CLU) for a typical patient, CKD = 90, was 7.38 L/h
[relative standard error, RSE, 22%] with a between-subject variability of 0.47 [RSE 10%] (exponential
distribution). Conclusion: This study showed that albumin binding and CKD effects were significant
predictors of unbound and total plasma cefiderocol concentrations. Our results indicate that individ-
ual adjustment of cefiderocol can be used to reach high minimum inhibitory concentrations based on
an estimation of unbound drug concentration and optimize therapeutic efficacy.

Keywords: cefiderocol; pharmacokinetics; PK/PD; antibiotics; drug monitoring

1. Introduction

Cefiderocol is a cephalosporin active against most Gram-negative bacteria, including
extended-spectrum beta-lactamase and carbapenemase-producing strains such as Pseu-
domonas aeruginosa, Acinetobacter baumannii and Enterobacteriales [1]. Cefiderocol was ap-
proved by the U.S. Food and Drug Administration and the European Medicines Agency
for the treatment of complicated urinary tract infections, the treatment of hospital-acquired
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bacterial pneumonia and ventilator-associated bacterial pneumonia and for the treatment
of infections due to aerobic Gram-negative organisms in adults with limited treatment
options [2–4].

Cefiderocol approved dosage is 2 g administered every 8 h by intravenous infusion
over 3 h. The dosage must be adjusted according to renal function as creatinine clearance
(CrCL) was the most significant covariate in population pharmacokinetic studies [5,6].
Indeed, cefiderocol is primarily eliminated by the kidneys. Similar to other beta-lactam
antibiotics, the cefiderocol efficacy target is the percentage of the dosing interval during
which free drug concentrations are above the minimal inhibitory concentration (MIC)
(%fT > MIC) [7]. Recommendations for optimal clinical response in intensive care patients
are that residual plasma concentrations of beta-lactams antibiotics should be four to eight
times the MIC [8,9].

Several studies have shown a high inter- and intra-individual variability of plasma
concentrations of antibiotics, especially beta-lactam antibiotics in critically ill patients [10].
Pharmacokinetic (PK) analysis of cefiderocol has been described in healthy subjects and in
patients with complicated urinary tract infections [5,6]. Cefiderocol is poorly metabolized
and hepatic elimination represents a minor elimination pathway. Its protein binding,
mainly to albumin, is around 40 to 60%. Cefiderocol terminal elimination half-life is about
2–3 h and its mean total and renal clearances in healthy volunteers were 5.46 L/h and
3.89 L/h, respectively [11,12]. However, data on cefiderocol PK properties in critically
ill patients are currently lacking. This retrospective study was conducted to investigate
individual characteristics that can influence cefiderocol pharmacokinetics in real life in
order to optimize drug dosage.

2. Materials and Methods
2.1. Patients and Drug Assay

All patients included in this study were hospitalized in the intensive care units (ICU)
at Pitié-Salpêtrière hospital. Patients were treated by cefiderocol in combination with other
antibiotics for ventilator-associated bacterial pneumonia (VABP). As almost all patients
were hospitalized in the ICU for more than a few days, all patients included in the study
had ICU-induced malnutrition, as assessed by their low albumin level [13]. Blood samples
were collected into lithium heparin tubes at steady state, one prior to the start of the
infusion (Ctrough) and the others during and after the end of infusion. Blood samples were
transferred to the laboratory within 2 h. Plasma samples were prepared by centrifuging
collected blood samples for 5 min at 4500× g at 4 ◦C. All plasma samples were frozen
at −80 ◦C until analysis. Plasma cefiderocol concentrations were assayed by an ultra-
performance liquid chromatography system coupled with mass tandem spectrometry in
a positive ionization mode (UPLC-MS/MS), as previously described by Llopis et al. [14].
Patients characteristics that could influence pharmacokinetics were collected retrospectively
during the study.

The fat-free mass (FFM) was determined after the equation [15]:

FFM = WHSmax·HT2·BW/(WHS50·HT2 + BW)

where WHSmax is the maximum FFM for a given height (HT, m) and WHS50 is the
total bodyweight (BW, Kg) value when FFM is half of WHSmax. WHSmax is 42.92 and
37.99 kg/m2 and WHS50 is 30.93 and 35.98 kg/m2 for males and females, respectively.

The CKD (Chronic Kidney Disease Epidemiology Collaboration) equation was used
to estimate glomerular filtration rate.

This retrospective study was based on data extracted from medical records and was
performed in compliance with French regulations and according to the reference method-
ology MR-004, established by French National Commission on Informatics and Liberties
(CNIL).
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2.2. Data Analysis

Cefiderocol time-courses were fit to a two-compartment open model with first-order
elimination. The following compartmental parameters were then derived: CL, Q, V1
and V2, which stand for the elimination and inter-compartmental clearances, central and
peripheral volumes of distribution, respectively.

The nonlinear mixed effect modelling program Monolix version 2020R1 (Lixoft,
Antony, France) (http://lixoft.com (accessed on 1 January 2022)) was used for the model
development. The between-subject, BSV or ω and residual variabilities (square roots of
the variances ω2 and σ2) were ascribed to an exponential distribution. The influence of
demographic and clinical characteristics that could affect cefiderocol pharmacokinetics, i.e.,
sex, total bodyweight (BW), FFM, age and renal function (CKD equation) were investigated.

Because the drug is albumin-bound in plasma, the effect of albuminemia was also in-
vestigated after the following pharmacokinetic principles, i.e., the elimination and exchange
processes are thought to depend upon the unbound drug concentration, CU, as:

CB(t) = CU(t) × KBIND × ALB, non-saturable binding or

CB(t) = CU(t) × ALB/(CU(t) + Kd), saturable binding

dA1(t)/dt = R - CLU × CU(t) − k12 × A1(t) + k21 × A2(t) where k12 = QU/V1U and k21 = QU/V2U

dA2(t)/dt = k12 × A1(t) − k21 × A2(t)

C1(t) = CU(t) + CB(t)

where A1(t), A2(t) and R are the drug amounts in the 1st and 2nd compartments and
infusion rate. The drug exchanges between compartments 1 (central) and 2 (peripheral) are
driven by the transfer rate constants k12 and k21. CB(t) is the albumin-bound concentration
assuming a non-saturable or saturable binding to albumin with KBIND, binding constant
(L/g) or Kd, dissociation constant. The observed total plasma concentration is then fitted
after the model predicted C1(t) and the corresponding clearance and volume terms are
designed by the subscript U. Note that CL and V terms for total drug concentration kinetics
are simply derived from CL = fU × CLU and V = fU × VU where fU = 1/(1 + KBIND × ALB).

The corrected Bayesian Information Criterion (cBIC) was used to test different hy-
potheses regarding the final model. The covariate sub-model was evaluated both via the
BICc and BSV values. A covariate effect was finally retained, provided its effect could be
physiologically explained. Each model was evaluated by visual inspection of goodness-of-fit
plots, mainly observed-predicted (population and individual) concentration scatter plots.
The normalized prediction distribution error metrics, whose mean and variance should
not be different from 0 and 1 with a normal distribution, were preferred over the visual
predictive checks (VPC), because the various inter-dose intervals rendered the latter difficult
to interpret. Diagnostic graphics and other statistics were obtained using the R software.

3. Results

A total of 205 plasma samples were obtained from 55 patients, 37 males and
18 females. All patients were treated with cefiderocol for ventilator-associated pneumonia
with carbapenem-resistant gram negative bacteria (GNB) including Pseudomonas aerug-
inosa (52), Stenotrophomonas maltophilia (2) and Acinetobacter baumanii (1). Patients’
characteristics are summarized in Table 1. The median of residual concentration (C0), and
maximal concentration (Cmax) were 35 mg/L [range 19–67] and 60 mg/L [range 40–84]
respectively.

There were no concentrations below the limit of quantification. Patients received
cefiderocol as 750 to 2000 mg infusions every 6, 8 or 12 h. At the time of sampling, severe
renal impairment (CKD < 30 mL/min/1.73 m2) was diagnosed in 10 (14.5%) patients.
In 16 patients (29%) the value of CKD was greater than 120 mL/min/1.73 m2 (median
150 mL/min/1.73 m2 Interquartile range (IQR) (143–164).
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Table 1. Demographic and biological characteristics of the 55 patients (37 males/18 females).

Mean %RSD Median Min Max

Age, years 55.5 30.3 60 14 80
Total bodyweight, Kg 79.9 20.5 76 29 120

Height, m 1.75 5.76 1.78 1.52 2.01
Body mass index, Kg/m2 26 18.5 26 25.5 39.8

Fat-free mass, Kg 55.6 17.9 53.6 23.6 79
Creatinine, µmol/L 132 113 86 17 736

CKD, mL/min/1.73 m2 79.6 61 70 6 170
Albumin, g/L 22.6 29 22 11.5 37.9

Plasma proteins, g/L 55.6 17.3 57 37 77
ASAT, U/L 39.5 79.9 28 12 183
ALAT, U/L 36.4 137 21 6 208
CRP, mg/L 84.7 78.2 87 1 302

Abbreviations: ALAT: alanine aminotransferase, ASAT: aspartate aminotransferase, CRP: C-reactive protein, CKD
(Chronic Kidney Disease Epidemiology Collaboration) %RSD: Relative standard deviation in %. All data were
collected at the time of cefiderocol sampling.

The population parameters of the covariate-free model were satisfactorily estimated.
Only BSV for CL and Q,ωCL andωQ, could be estimated. Table 2 summarizes the covariates
sub-models tested (only the models that produced a cBIC value lower than the base model
cBIC value are shown). CKD positively influenced CL and decreased both ωCL and the
cBIC value. The non-saturable albumin binding effect alone was also significant (saturable
binding was unidentifiable and failed to converge). The KBIND value was fixed to 0.036 L/g
assuming a 41% free concentration fraction for a 40.5 g/L albuminemia [16]. When clearance
and volume terms were related to size effects, WT or FFM, (SIZE/meanSIZE)p_size (p_size
exponents fixed to 0.75 and 1 for clearances and volumes according to the allometric rule),
only the FFM effect was significant. The final model combined the CKD and albumin
binding effects (the further addition of FFM did not significantly improve this model). A
sensitivity analysis on KBIND assuming fU values of 50 and 60% (KBIND = 0.025 or 0.017)
provided cBIC slightly greater than that of the final model. The final covariate sub-model
for CLU was then:

CLU (L/h) = 7.38 × (CKD/100)0.426

or, adding the FFM effect

CLU (L/h) = 7.33 × (FFM/54)0.75 × (CKD/100)0.416

Table 2. Covariate sub-model building.

Model Covariate Parameter Estimate ω cBIC

6. #FREE + CKD CLU 7.38 0.467 1682
5. #FREE + CKD + FFM CLU 7.33 0.464 1686
4. #FREE + CKD + WT CLU 6.84 0.491 1689

3. FFM FFM-based allometry CL 4.03 0.459 1698
2. CKD Effect of CKD on CL CL 4.07 0.461 1698

1. FREE # albumin binding, CT = CU + CB CLU 6.26 0.627 1726
0 covariate free, basic CL 3.47 0.634 1732

Abbreviations: CL or CLU, clearance or unbound drug clearance;ω, square root of between-subject varianceω2,
for CL or CLU; FFM, fat-free mass (Kg); WT, total bodyweight (Kg); CKD (mL/min/1.73 m2), renal function index;
cBIC, corrected Bayesian Information Criteria; CT, CU or CB, total, unbound or bound concentration; #FREE,
model taking into account the drug binding to albumin then estimating the unbound drug pharmacokinetic
parameters, CLU, V1U, etc., related to the unbound drug concentration.

Parameter estimates are summarized in Table 3. Note that the shrinkages for CLU and
QU were 1.84 and 81%.
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Table 3. Cefiderocol population parameters estimates for the unbound drug pharmacokinetics from
205 total plasma concentrations in 55 adult patients.

Population Parameters Estimate RSE (%)

V1U, L 17 22
CLU, L/h per CKD = 100 7.38 6.8

QU, L/h 34 39
V2U, L 46 12

CKD effect on CLU 0.426 8.8
KBIND, FIXED (albumin binding constant), L/g 0.036 NA

Statistical Parameters

ωCLu 0.467 10.4
ωQu 0.706 44

log-additive residual variability 0.183 6

Abbreviations: RSE, relative standard error in %; ω, square root of between-subject variance ω2; CKD
(mL/min/1.73 m2), renal function index; Clu = 7.38 × (CKD/100)0.426; fU = 1/(1 + ALB * 0.036) with fU and ALB
unbound drug fraction and albumin concentration in L/g. Note that CL and V terms for total drug concentration
kinetics are simply CL = fU × CLU and V = fU × VU. The total concentration is CT = CU × (1 + KBIND × ALB)
with CU = f(Rate, CLU, V1U, QU, V2U).

The goodness-of-fit plots for the final model shown in Figures 1 and 2 show the visual
predictive checks for the cefiderocol final PK model. The observed concentration percentiles
are well included in the corresponding model-predicted 90% confidence interval bands.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 6 of 13 
 

 

 

 
Figure 1. Goodness-of-fit plots for the base (covariate-free, left) and final (CKD + albumin binding, 
right) models. DV and popPred, observed and population predicted concentrations; npde, versus 
popPred values with the y = zero line. 

0 50 100 150

0
50

10
0

15
0

popPred

D
V

c2_BASE2_e_n55 rho = 0.49

0 50 100 150

0
50

10
0

15
0

popPred

D
V

c2_fuFIX_CKD_e_n55 rho = 0.628

0 50 100 150

-2
-1

0
1

2
3

popPred

np
de

c2_BASE2_e_n55 rho = -0.379

0 50 100 150

-2
-1

0
1

2
3

popPred

np
de

c2_fuFIX_CKD_e_n55 rho = -0.296

−1
 

−1
 

−2
 −2
 

Figure 1. Cont.

91



Pharmaceutics 2022, 14, 2786

Pharmaceutics 2022, 14, x FOR PEER REVIEW 6 of 13 
 

 

 

 
Figure 1. Goodness-of-fit plots for the base (covariate-free, left) and final (CKD + albumin binding, 
right) models. DV and popPred, observed and population predicted concentrations; npde, versus 
popPred values with the y = zero line. 

0 50 100 150

0
50

10
0

15
0

popPred
D

V

c2_BASE2_e_n55 rho = 0.49

0 50 100 150

0
50

10
0

15
0

popPred

D
V

c2_fuFIX_CKD_e_n55 rho = 0.628

0 50 100 150

-2
-1

0
1

2
3

popPred

np
de

c2_BASE2_e_n55 rho = -0.379

0 50 100 150

-2
-1

0
1

2
3

popPred
np

de

c2_fuFIX_CKD_e_n55 rho = -0.296

−1
 

−1
 

−2
 −2
 

Figure 1. Goodness-of-fit plots for the base (covariate-free, left) and final (CKD + albumin binding,
right) models. DV and popPred, observed and population predicted concentrations; npde, versus
popPred values with the y = zero line.
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Figure 2. Prediction-corrected visual predictive check for the final cefiderocol population pharma-
cokinetic model. Plain (•) and blue lines stand for prediction-corrected observed concentrations and
their 5th, 50th and 95th percentiles. Light blue and red bands stand for the corresponding model
predicted 90% confidence intervals.

Finally, Figure 3 depicts the model curve fittings for some individuals. The mean and
standard deviation of the normalized prediction distribution errors (NPDE), −0.002 and
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1.15, were not significantly different from 0 and 1 (p = 0.98 and p = 0.15) with a symmetrical
distribution around 0, as expected for these metrics.
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Figure 3. Representative individual curve fitting of cefiderocol (circles, observed concentration;
purple solid lines, individual fits; N1#N2, ith subject # ith occasion).

Dosage Recommendations

Cefiderocol approved regimen is at a dose of 2 g every 8 h for the treatment of adult
patients for whom treatment options are limited with a bacterial MIC ≤ 2 mg/L. Optimal
clinical response of β-lactam antibiotics is obtained with a residual plasma concentration
≥ 4–8 times the MIC [8,9]. Positive clinical outcome was associated with increasing 100%
fT > MIC ratio in infected critically ill patients [17]. The dose of cefiderocol can be directly
estimated from the model-predicted unbound concentrations given the renal function
index CKD. Figure 4 represents a proposal for the doses of cefiderocol to be administered
according to various levels of renal function for a MIC value of 2 in situ, i.e., considering
the epithelial lining fluid (ELF) where the ELF-to-CU concentration ratio is (0.5) two hours
post-end of infusion [18]. The probability of target attainment, in these intensive care
patients with an undernutrition status, for > 99% fT > MIC was > 99% when MIC was
4 mg/L.
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Figure 4. Unbound plasma cefiderocol concentration-time courses for 4 typical renal function
(CKD = 15, CKD = 30, CKD = 90, CKD = 120), receiving doses of (1000 mg then 3 × 500 mg)
panel (A), (2000 mg then 3 ×1000 mg) panel (B), (3 × 3000 mg) panel (C), (4 × 3000 mg) panel (D) by
3 h infusion, respectively. Doses are administered every 8 h except for CKD = 120, every 6 h. Note
total plasma cefiderocol concentration is obtained by multiplying the unbound concentration by 2.5
assuming a 40 g/L albuminemia (fU,40g/LALB = 0.6). The horizontal dashed line is drawn at 4 mg/L
(considering the ELF-to-CU concentration ratio is 0.5) Blue lines stand for prediction concentrations
and their 5th, and 95th percentiles. Red and blue lines represent means and 5th–95th percentiles for
predicted concentrations, respectively.

4. Discussion

To date, most of the pharmacokinetics parameters of cefiderocol have been generated
from phase one, two and three clinical studies [19–22]. In this study, we showed that
cefiderocol time-courses were well described by a two-compartment model. The limited
number of patients, n = 55, allowed the estimation of only one between-subject variability
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parameter,ωCL. Kawaguchi et al. [6] described cefiderocol pharmacokinetics after using
a three-compartment model. However, the volume of the central compartment, 0.73 L,
was very small and can only be determined with a rich data sampling at early times
post-infusion.

The pharmacokinetic/pharmacodynamic (PK/PD) index of cefiderocol with bacteri-
cidal activity is correlated with fraction of time for which the free drug concentration in
plasma exceeds the minimum inhibitory concentration of the infecting microorganism over
the dosing interval (%fT > MIC) [5,7]. In this study of patient hospitalized in intensive care
unit, albumin levels were low (median 22 g/L IQR (18–24)). In this modeling, the plasma
albumin binding could be accounted for, thanks to the wide variation in albuminemia
observed in these patients. The output of the pharmacokinetic model was ascribed to the
unbound drug concentration which is thought to be the freely exchangeable drug in the
body. The result was then fitted to the total drug concentration by adding the drug-bound
concentration, based on albumin concentration. Compared to the same model based on
total concentration, the cBIC value dropped by 16 units. Moreover, the relative precision of
CKD effect on CLU was 8.77%, as compared to 13.3% when based on total concentration.
This demonstrates that the model based on the diffusible free concentration is more appro-
priate, which was expected for this renally-eliminated hydrophilic drug. Figure 5 shows
that, for each patient, fu is determined as a function of its albuminemia.
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Figure 5. Relationship between fU and the plasma albumin concentration.

The KBIND value was fixed according to the fU values observed for various albumin
concentrations, as previously reported [16]. This allowed the estimation of the unbound
drug’s kinetic parameters. The CKD value was the main relevant covariate effect on the
unbound drug clearance (CLU) that was not unexpected because of the very hydrophilic
nature of cefiderocol (logP = −2.27). There was also an effect of FFM (but not total body
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weight) that was not unexpected given the hydrophilic nature of cefiderocol. However, this
effect was not retained in the final model because it did not provide significant improvement.
Nevertheless, in future studies, this FFM covariate should be considered instead of total
body weight. The final model included the albumin-binding effect plus the renal function
effect via the CKD index. Interestingly, the kinetic parameters for the unbound drug allow
the prediction of the unbound, active, drug concentration, given the patient’s CKD is
known. The CL value relative to the total drug concentration is 2.95 L/h (0.4 × 7.38). This
low value, as compared to that reported by Kawaguchi et al. [6] (i.e., 4.2 to 5.0 L/h), may
result from the poor condition of the patients, presenting various degrees of malnutrition.

Our study has some limitations. The small number of patients in our study did not
allow an external validation of our model. In addition to be in an ICU, these patients
exhibit a significant degree of undernutrition. Note that unbound concentrations were
not measured, and that total and unbound concentration have been translated into each
other simply by applying multiplicative constants. Moreover, MICs of cefiderocol were
not available for all samples. Due to the shrinkage level observed on QU, but not CLU, a
pharmacokinetic-based individualization is not advised. In addition, it is usually accepted
that ICU patients’ pathophysiologic state can rapidly change. New studies including ICU
patients should be done for this recent antibiotic. Finally, estimates of renal function have
low accuracy and precision in critically ill patients [23].

5. Conclusions

In conclusion, our study showed that albumin binding and CKD effects were sig-
nificant predictors of unbound and total plasma cefiderocol concentrations. Our results
indicate that individual adjustment of cefiderocol can be used to reach high minimum
inhibitory concentrations based on an estimation of unbound drug concentration. Whether
such an estimation results in a better therapeutic outcome remains to be determined.
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Abstract: Population pharmacokinetic (pop-PK) models constructed for model-informed precision
dosing often have limited utility due to the low number of patients recruited. To augment such
models, an approach is presented for generating fully artificial quasi-models which can be employed
to make individual estimates of pharmacokinetic parameters. Based on 72 concentrations obtained
in 12 patients, one- and two-compartment pop-PK models with or without creatinine clearance as a
covariate were generated for piperacillin using the nonparametric adaptive grid algorithm. Thirty
quasi-models were subsequently generated for each model type, and nonparametric maximum a
posteriori probability Bayesian estimates were established for each patient. A significant difference in
performance was found between one- and two-compartment models. Acceptable agreement was
found between predicted and observed piperacillin concentrations, and between the estimates of the
random-effect pharmacokinetic variables obtained using the so-called support points of the pop-PK
models or the quasi-models as priors. The mean squared errors of the predictions made using the
quasi-models were similar to, or even considerably lower than those obtained when employing the
pop-PK models. Conclusion: fully artificial nonparametric quasi-models can efficiently augment
pop-PK models containing few support points, to make individual pharmacokinetic estimates in the
clinical setting.

Keywords: therapeutic drug monitoring; piperacillin; tazobactam; nonparametric adaptive grid;
Bayesian models; pharmacokinetics; model-informed precision dosing; intensive care

1. Introduction

Model-informed precision dosing (MIPD) is an emerging clinical discipline which
allows the guidance of individualized drug therapies based on the therapeutic monitoring
of drug concentrations and pharmacokinetic modeling. The construction of population
(pop-PK) and, subsequently, individual models allows the prediction of each patient’s fu-
ture exposure to the monitored substance. The clinical implementation of MIPD requires an
efficient laboratory assay, suitable computer modeling software, and the efforts of a multi-
disciplinary team consisting of clinicians, nurses, pharmacists and laboratory analysts [1–3].
This discipline has become especially useful in optimizing antibiotic treatments at intensive
care units due to the very high vulnerability and, in terms of the pharmacokinetically
relevant physiological functions and parameters, variability of critically ill patients [4,5].

The quality of the prediction of individual drug concentrations has a crucial impact
on finding the optimal dosage regimen and, eventually, on therapeutic success. Interest
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in augmenting pharmacokinetic models with the help of machine learning algorithms
has recently increased because the construction of models which efficiently represent a
broader set of patients has often proved to be an overwhelming task, especially in pediatric
populations, as well as in populations diagnosed with rare diseases, or living with special
conditions (e.g., oncological and organ-transplant recipients, or patients receiving intensive
care) [6–9]. Augmented pop-PK models are expected to overcome the limitations posed by
the availability of a low number of subjects and/or data points, and may therefore facilitate
the implementation of MIPD [10].

In this work, a novel approach to constructing a set of fully artificial population
pharmacokinetic quasi-models (QM) is put forward. The most suitable of which is then
selected for each patient individually to estimate their exposure to the drug administered.
The term “fully artificial quasi-model” refers to the fact that, unlike pop-PK models which
are based on drug concentrations measured in the blood of human subjects, a set of data,
none of which actually represent the true characteristics of any human, is generated using a
computer algorithm. This does not eliminate the need to collect data from humans, which
remains crucial for establishing the modeled ranges of the random-effect pharmacokinetic
variables, but the number of subjects required can be considerably lower. The workflow for
constructing the quasi-models, and applying them to make individual parameter estimates,
is displayed in Figure 1.
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The nonparametric adaptive grid (NPAG) algorithm of Leary and Burke was em-
ployed for constructing mixed-effects pop-PK models based on the data obtained from
human subjects. This iterative approach allows the nonparametric estimation of the joint
population distribution of pharmacokinetic model parameter values by establishing a set
of grid points of modest size, finding the maximum likelihood solution for that grid, and
then refining the grid based on the optimal discrete so-called support points (i.e., vectors
containing estimates of the pharmacokinetic parameter along with a probability value)
and by adding a modestly sized set of new support points. The process continues until a
convergence criterion defined by the modeler is reached, and no further improvement of
the likelihood of the estimates of the random-effect variables can be attained [11–13].

In contrast to parametric modeling, which is based on the generation of measures of
central tendency and dispersion, and the approximation of the likelihood function, NPAG
relies on determining the exact likelihood function to describe the population, making
the approach statistically consistent. No assumptions of the distributions of the random-
effect variables are made, which makes NPAG superior in detecting subpopulations and
outliers [12]. Nonparametric maximum a posteriori probability (MAP) Bayesian analysis in
turn uses the pop-PK support points to find the pharmacokinetic parameters which apply
to individual patients [14]. The utility of nonparametric pharmacokinetic modeling in the
clinical setting has been demonstrated [15].

The modeled substance was piperacillin administered to critically ill adults diagnosed
with community-acquired pneumonia, who were receiving treatment at the intensive care
unit of a public hospital. This work is part of a larger clinical study conducted as described
in a protocol published earlier, the overall aim of which is to establish a multidisciplinary
methodology for the evaluation of pharmacological intervention in the first 5 days of the
patient receiving intensive care for community-acquired pneumonia. The objectives include
monitoring intra-individual changes in the pharmacokinetic properties of piperacillin and
tazobactam, as well as in the concentrations of endogenous steroids and inflammatory
markers which characterize the clinical status [16]. The pharmacokinetic modeling of the
beta-lactamase was not performed since its serum concentrations were in strong correlation
with those of piperacillin, which is in line with previous findings. There is no evidence that
tazobactam concentrations should be taken into consideration when making a decision on
the antibiotic regimen employed [17].

2. Materials and Methods

This investigator-initiated, unicentric, observational, one-arm study has been ap-
proved by the National Institute of Pharmacy and Nutrition (Budapest, Hungary, identifier
of approval document: 261-IK/2020), the National Competent Authority of Hungary for
medical research ethics. The Principal Investigator was Cs. Kopitkó. Twelve adults, ad-
mitted to the Central Department of Anesthesiology and Intensive Care, Uzsoki Teaching
Hospital (Budapest, Hungary) with the diagnosis of community-acquired pneumonia, were
recruited (Table 1). All subjects received standard care, including mechanical ventilation.
The administration of a daily dose of 16 g (30.98 mmol) piperacillin + 2 g (6.66 mmol)
tazobactam divided into four doses, given every 6 h as a 3-h intravenous infusion, was ini-
tiated empirically and immediately following admittance. No other antibiotics were given.
Blood samples were collected by trained personnel in certified collection tubes (Greiner
Bio-One Hungary Ltd., Budapest, Hungary) by accessing the vena cava superior, after
finishing the first 8 AM infusion on the day following the day of admission, as described
in [16]. Care was taken by the nurses of the Central Department of Anesthesiology and
Intensive Care to adhere to all professional standards and institutional protocols, including
drug administration and sample collection, as well as to document all activities and events
related to the research, which was crucial for obtaining valid and credible outcomes. The
sampling times, documented by the healthcare team, were 0.25 h, 0.5 h, 1 h, 1.5 h, 2 h
and 2.5 h post-infusion. The samples were pretreated as necessary by the personnel of the
Central Department of Anesthesiology and Intensive Care under the supervision of the
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Principal Investigator, and were subsequently sent to the laboratories where the various
assays were performed. Native blood samples were kept at ambient temperature for no
longer than 15 min, and were centrifuged thereafter at 10 ◦C and 2500× g, for 10 min. An
aliquot of 0-h serum, as well as K3-EDTA-anticoagulated, heparinized and sodium citrate-
treated whole blood samples were transferred to the Central Laboratory, Uzsoki Teaching
Hospital, for routine laboratory assays, whole blood count and hematocrit measurement.
A total of 250 µL serum separated for interleukin-6 measurement was frozen and sent
to the Central Laboratory, Department of Laboratory Medicine, Semmelweis University
(Budapest, Hungary). To 100 µL serum pipetted in a microcentrifuge tube, 20 µL Chrom-
systems Priming Solution (Cat. 61012) was added before freezing and transporting the
samples for the evaluation of piperacillin and tazobactam concentrations at the Laboratory
of Mass Spectrometry and Separation Technology, Department of Laboratory Medicine,
Semmelweis University.

Table 1. Demographic properties of the subjects included in the study. Values or medians with ranges
in parentheses are displayed. ICU, intensive care unit.

Characteristic Value

Number of subjects 12
Age (years) 69.7 (45.3–86.4)
Male gender (%) 58
APACHE II score on admission to ICU (no unit) 25 (19–37)
CURB-65 mortality score on admission to ICU (no unit) 6.8 (2.7–27.8)
SAPS-E mortality score on admission to ICU (no unit) 42.3 (7.9–59.7)
SOFA mortality score on admission to ICU (no unit) 33.3 (33.3–50.0)
Body mass index on admission to ICU (kg/m2) 29.6 (24.2–51.9)
Mean arterial pressure (mm Hg) 73.7 (56.7–120.7)
Serum creatinine (µmol/L) 98 (34–224)
Sodium (mmol/L) 137 (135–144)
Potassium (mmol/L) 4.4 (3.6–5.8)
Glucose (mmol/L) 9.1 (5.6–13.7)
Urea (mmol/L) 11.1 (2.6–41.8)
Total bilirubin (µmol/L) 15.9 (5.5–82.3)
Procalcitonin (µg/L) 0.5 (0.0–126.6)
C-reactive protein (mg/L) 129.4 (7.5–546.8)
White blood cell count (×109/L) 17.0 (9.0–31.1)
Thrombocyte count (×103/L) 274 (86–714)
Serum lactate (mmol/L) 1.8 (1.1–3.0)
Base excess (mEq/L) 5.0 (−8.4–13.7)
Hematocrit (L/L) 0.4 (0.3–0.7)
Interleukin-6 (ng/L) 32.0 (4.8–3629.0)
Pharmacokinetically relevant drugs administered on the day of
blood sample collection (% of subjects):

Dexmedetomidine 8.3
Alprazolam 16.6

Methylprednisolone 25.0
Ibuprofen 8.3

Fentanyl 8.3
Norepinephrine 66.7

Piperacillin concentrations were determined using a Jasco series 4000 robust high-
performance liquid chromatograph equipped with an MD-4010 photodiode array detector
(ABL&E-JASCO Hungary Ltd., Budapest, Hungary). The Chromsystems® Antibiotics in
serum/plasma—HPLC in vitro diagnostic (CE-IVD) reagent kit, analytical column, multi-
level calibrators and controls were employed for the analysis according to the instructions
of the reagent kit manufacturer (ABL&E-JASCO Hungary Ltd., Budapest, Hungary). The
analytical column was thermostatted at 30 ◦C, and the detection wavelength was 252 nm.
The preparation of serum samples consisted of adding 200 µL of internal standard solution
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(supplied with the reagent kit) to the stabilized serum, vortexing the mixture at 2000 rpm
for 1 min, separating the supernatant by centrifugation (10 ◦C, 10,000× g, 5 min), and dilut-
ing 100 µL of supernatant with 100 µL of dilution buffer (also supplied with the reagent
kit). Calibration equations were obtained by performing 1/concentration2-weighted linear
regression on piperacillin/internal standard peak area ratios. Internal controls were run at
the beginning of each batch. In addition, the performance of the assay was tested regularly
by participation in an external quality assessment scheme (#890—Antibiotics 02, Instand
e.V., Düsseldorf, Germany).

The assay error polynomial (the fixed-effect component of the pop-PK models) was
determined experimentally by quantitating piperacillin concentrations after spiking it in
known concentrations to blank serum samples. Piperacillin was spiked at 20 different con-
centration levels and to 20 independent serum samples at each spiking level, in addition to
the unspiked sera, all of which had been collected from different individuals for diagnostic
purposes and had been left over from the laboratory tests. The de-identification of these
samples had been performed, and no patient-related data were accessed by the authors.
The standard deviation (SD) of measured piperacillin concentrations was calculated at
each concentration level, including the blanks, and the regression of unweighted linear,
second-degree and third-degree polynomials on the nominal concentration-SD data pairs
was performed using Microsoft Excel to find the equation which could best describe this
relationship, based on the work of Jelliffe and Tahani [18].

Nonparametric pharmacokinetic modeling was performed pursuant to the pioneering
theoretical work of Roger W. Jelliffe and his co-workers, and by using the software tools
they developed for this purpose. One- and two-compartment pop-PK models (#1 and
#2) were constructed using 72 pieces of concentration data obtained from the 12 subjects
recruited, and the NPAG algorithm incorporated into the PmetricsTM package run in the
R environment (Laboratory of Applied Pharmacokinetics and Bioinformatics, University
of Southern California, Los Angeles, CA, USA) [12,19]. The single-compartment models
included the elimination rate constant (K) and the apparent volume of distribution (V),
while the two-compartment models contained K, the rate constant of mass transfer from
the central to the peripheral compartment (KCP) and of mass transfer from the peripheral
to the central compartment (KPC), as well as the volume of the central compartment (Vc)
as random-effect variables. Single-compartment models take into account a hypothetical,
equilibrated fluid compartment without anatomic reality in which the drug is distributed
evenly, and eliminated in a single process regardless of its route, with the exception of
cases where relevant covariates are included in the model to account for various specific
routes. Two-compartment models represent a central and a peripheral fluid compartment.
The central compartment refers to the intravascular water space as well as extravascular
spaces which are rapidly equilibrated with it, and into which the transport of the drug is
not limited. The peripheral compartment corresponds to fluid spaces which are accessed by
the drug, and which can even accumulate the drug, but which are also not well equilibrated
with the central compartment. Again, elimination is considered as a single-route process
unless covariates describing the impact of various routes are included in the model.

The evaluation of the models’ performance was based on the strength of the correlation
between predicted and observed concentrations, the slope and intercept of the regression
line fit to these pairs of concentrations, as well as their weighted squared residuals (bias)
and the bias-adjusted weighted squared residuals (imprecision). The performance indica-
tors −2 × log-likelihood, and Akaike and Bayesian information criteria were also assessed.
The decision to include candidate covariates or not was made by investigating their linear
correlation, as well as the linear correlation of the square roots and the natural logarithms
of their values, with the posteriors of the random-effect pharmacokinetic variables: K,
KCP/KPC and V or Vc. A Pearson’s correlation coefficient of at least 0.80 was considered
strong enough for inclusion. One- and two-compartment models of piperacillin (models #3
and #4, respectively) were subsequently constructed by including creatinine clearance as a
covariate, calculated as proposed by Jelliffe, and by making an estimate of the elimination
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rate constant by using the function K = KI + KS × CRCL where KI is the rate constant ac-
counting for non-renal elimination, KS is the rate constant accounting for renal elimination,
and CRCL is the creatinine clearance [20,21]. KI and KS were the random-effect variables
in these models.

Individual pharmacokinetic parameters (IPKP) of each subject were estimated in
NPAG runs conducted using PmetricsTM (version 2.1, IPKP-NPAG), as well as by using
the BestDoseTM standalone clinical pharmacokinetic modeling software (desktop version
1.127b, IPKP-NPB) which performs nonparametric maximum a posteriori probability
(MAP) Bayesian analysis (Laboratory of Applied Pharmacokinetics and Bioinformatics,
University of Southern California, Los Angeles, CA, USA). Fully artificial quasi-models
were constructed by generating 399 random values with uniform distribution for each
random-effect variable, and by creating 399 support points which contained a random
value assigned to each parameter in the order they were created in, as well as a probability
value of 1/399. The amount of the support points generated was the highest allowed by
the BestDoseTM software. The ranges the random values were generated in were made
equivalent to those employed for the priors entered into the NPAG models. The dosing
error, the model misspecification, and the timing error were set to 0.01. A total of 30
QMs were created for each type of PK model, and their performance was compared by
calculating the mean squared errors of the predictions: ∑(cobs − cpred)2/ndp, where ndp
stands for the number of data points; in the present work, ndp = 6.

3. Results
3.1. Analytical Considerations

The performance of the piperacillin assay was monitored in each run. The internal
control measurements yielded acceptable results in terms of the reagent kit manufac-
turer’s specifications. A nonlinear relationship existed between the concentrations of
piperacillin and their standard deviations, and was defined by the third-degree polynomial
SD = 0.255056 + 0.049873 × c − 0.000361 × c2 + 0.000001 × c3 with a determination coeffi-
cient of r2 = 0.9564 (where c is the concentration of piperacillin, Figure 2). The correlation
between piperacillin and tazobactam concentrations was strong, confirming previous find-
ings, and could be described with the equation ctazobactam = 0.2267 × cpiperacillin + 2.6802 [17].
The slope of this equation displayed very close correspondence to 0.2150; which is the
molar ratio of the administered drugs.
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Figure 2. Characteristics of the employed piperacillin HPLC-UV assay. (A) Ratios of the measured
and nominal concentrations of piperacillin in the low-level internal control samples. The green
line corresponds to the nominal concentration, while red lines represent the limits of measurement
acceptability. (B) Ratios of the measured and nominal concentrations of piperacillin in the high-level
internal control samples. (C) Relationship between piperacillin concentration and the standard devia-
tion of measurement results. (D) Relationship between piperacillin and tazobactam concentrations.
Ordinary linear least squares regression yielded a Pearson’s correlation coefficient of r = 0.9245.
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3.2. Population Pharmacokinetic Models

The summary of the performance characteristics of the constructed population phar-
macokinetic models #1–#4 is demonstrated in Table 2, as well as in Figures 3 and 4. All
models performed well in terms of the agreement between observed and estimated pos-
terior concentrations (slopes: 0.994–1.01, intercepts: −0.651–0.687, r2 = 0.995–0.997), bias
and imprecision. A statistically significant difference was found between one-and two-
compartment models generated either without or with the inclusion of creatinine clearance
as a covariate (p < 0.001). No statistical impact of including creatinine clearance as a co-
variate was identified, irrespective of the number of pharmacokinetic compartments. The
posterior ranges of the random-effect pharmacokinetic variables which were subsequently
considered when generating the random values for the support points of the QMs are
displayed in Table 3.

Table 2. Performance of the constructed population pharmacokinetic models. AIC, Akaike informa-
tion criterion. BIC, Bayesian information criterion. CRCL, creatinine clearance. LL, log-likelihood.
#SP, number of support points.

Model
No.

Compart-
ments

Cova-
riate #SP Bias (p-Value of

Difference from 0)
Impre-
cision −2 × LL AIC BIC Shrinkage

(%)

#1 1 None 12 −0.0697 (0.6591) 0.6465 478.8 485.2 491.6 0.030–0.012
#2 2 None 12 −0.1061 (0.8310) 1.3578 423.5 434.4 444.8 0.000–0.002
#3 1 CRCL 10 −0.0088 (0.8637) 0.6061 474.4 483.0 491.5 0.348–14.91
#4 2 CRCL 11 −0.0792 (0.6000) 1.3616 422.4 435.7 448.1 0.000–0.006

Table 3. Posterior ranges of the random-effect pharmacokinetic variables considered for generating
the quasi-models. K, elimination rate constant. KCP, rate constant of mass transfer from the central to
the peripheral compartment. KPC, rate constant of mass transfer from the peripheral to the central
compartment. KI, non-renal elimination rate constant. KS, renal elimination rate constant. V, volume
of distribution. Vc, volume of the central compartment.

Models with No Covariate Included
Model No. Compartments K (1/h) V (L) or Vc (L) KCP (1/h) KPC (1/h)

#1 1 0.10–0.75 10–100
#2 2 0.10–1.70 5–35 0.05–5.00 0.05–5.00

Models with Creatinine Clearance Included as a Covariate
Model No. Compartments KS (1/h) KI (1/h) V (L) or Vc (L) KCP (1/h) KPC (1/h)

#3 1 0.001–0.006 0.005–0.100 15–80
#4 2 0.0005–0.0250 0.00–0.35 5–25 0.2–6.0 0.2–6.0

3.3. Individual Pharmacokinetic Models

Exemplary results of fitting the QMs to the individual concentration data series are
displayed in Figure 5. The support points generated using random values covered the entire
parameter space. When pop-PK models were used as priors, the posterior probabilities of
only one or two support points were increased. When models #1 and #2 were applied, the
support point with the increased probability corresponded to that generated for the given
individual using NPAG. On the contrary, high posterior probabilities were obtained for
several support points when applying the quasi-models, especially when two-compartment
models were fitted.

104



Pharmaceutics 2024, 16, 358

Pharmaceutics 2024, 16, x FOR PEER REVIEW  8  of  20 
 

 

Model No.  Compartments  KS (1/h)  KI (1/h)  V (L) or Vc (L)  KCP (1/h)  KPC (1/h) 

#3  1  0.001–0.006  0.005–0.100  15–80     

#4  2  0.0005–0.0250  0.00–0.35  5–25  0.2–6.0  0.2–6.0 

 

Figure 3. Evaluation of the population pharmacokinetic models of piperacillin, constructed with the 

inclusion of 72 concentrations obtained in 12 human subjects, and with no covariate. (A–E), evalua-

tion of the single-compartment model (#1). (A) Comparison of predicted and observed concentra-

tions based on population priors. (B) Comparison of predicted and observed concentrations based 

on individual posteriors. (C) Marginals of the elimination rate constant. (D) Marginals of the volume 

of distribution. (E) Raw concentration-time plots. (F–K), evaluation of the two-compartment model 

(#2).  (F) Comparison of predicted  and observed  concentrations based on population priors.  (G) 

Comparison  of  predicted  and  observed  concentrations  based  on  individual  posteriors.  (H–I) 

Figure 3. Evaluation of the population pharmacokinetic models of piperacillin, constructed
with the inclusion of 72 concentrations obtained in 12 human subjects, and with no covariate.
(A–E), evaluation of the single-compartment model (#1). (A) Comparison of predicted and observed
concentrations based on population priors. (B) Comparison of predicted and observed concentrations
based on individual posteriors. (C) Marginals of the elimination rate constant. (D) Marginals of the
volume of distribution. (E) Raw concentration-time plots. (F–K), evaluation of the two-compartment
model (#2). (F) Comparison of predicted and observed concentrations based on population pri-
ors. (G) Comparison of predicted and observed concentrations based on individual posteriors.
(H–I) Marginals of the intercompartmental mass transfer rate constants: (H) central to peripheral
compartment, (I) peripheral to central compartment. (J) Marginals of the elimination rate constant.
(K) Marginals of the volume of distribution.
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Figure 4. Evaluation of the population pharmacokinetic models of piperacillin, constructed with the
inclusion of 72 concentrations obtained in 12 human subjects, and with the inclusion of creatinine
clearance as a covariate. (A–E), evaluation of the single-compartment model (#3). (A) Comparison of
predicted and observed concentrations based on population priors. (B) Comparison of predicted and
observed concentrations based on individual posteriors. (C) Marginals of the renal elimination rate
constant. (D) Marginals of the non-renal elimination rate constant. (E) Marginals of the volume of
the central compartment. (F–L), evaluation of the two-compartment model (#4). (F) Comparison of
predicted and observed concentrations based on population priors. (G) Comparison of predicted
and observed concentrations based on individual posteriors. (H) Marginals of the renal elimination
rate constant. (J) Marginals of the rate constant of mass transfer from the central to the peripheral
compartment. (K) Marginals of the rate constant of mass transfer from the peripheral to the central
compartment. (L) Marginals of the volume of the central compartment.
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Figure 5. An overview of the main features of applying the nonparametric expectation maximiza-
tion algorithm to population-based and quasi-models. The evaluation of piperacillin concentra-
tions observed in subject 1 is shown as an illustration. (A) Concentration-time plot showing the
observed values (red dots), and the curve fitted using the single-compartment population pharma-
cokinetic model with no covariate (model #1). (B) Concentration-time plot showing the observed
values (red dots), and the curve fitted using the best-performing single-compartment quasi-model.
(C) Correlation plot of observed piperacillin concentrations and those predicted using population
pharmacokinetic model #1. (D) Correlation plot of observed piperacillin concentrations and those
predicted using the best-performing single-compartment quasi-model. (E) Two-dimensional plot
showing the support points of model #1. (F) Two-dimensional plot showing the support points of the
best-performing single-compartment quasi-model employed as priors. (G) Three-dimensional plot of
the posterior support points of model #1. (H) Three-dimensional plot of the posterior support points
of the best-performing single-compartment quasi-model.

The mean squared errors, as well as the estimates of the random-effect pharmaco-
kinetic variables obtained in each subject by applying the best-performing QMs, were
compared to those obtained by using the support points of the pop-PK models as priors,
and either the NPAG or the MAP Bayesian algorithm. The results of these comparisons are
displayed in Table 4 and visualized in Figures 6 and 7. When a single-compartment model
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with no covariate was employed, the MSEs obtained using the respective best-performing
quasi-models ranged between 0.70 and 1.08 for 10 out of 12 subjects. The comparison of
the MSEs with those obtained when using the pop-PK model support points as priors
yielded IPKP-QM/IPKP-NPAG and IPKP-QM/IPKP-NPB ratios of 0.70–1.08 and 0.27–1.07,
respectively. A ratio of 0.01–1.00 indicates better performance of the quasi-model-based
predictions, a ratio of 1.00 corresponds to equivalence, while a ratio of >1.00 corresponds to
better performance of the estimates made by using the pop-PK model support points. Each
0.01 increment corresponds to an additional 1% difference. The ratios of the individual
elimination rate constants were 0.95–1.21 and 0.88–1.05, respectively, while the ratios of
the volumes of distribution were 0.91–1.04 and 0.93–1.04, respectively. When creatinine
clearance was included as a covariate in the single compartment model, the MSE ratios were
0.37–1.83 and 0.29–1.01, respectively. The ratios of the renal component of the elimination
rate constant (KS) were 0.50–1.25 in both comparisons. The ratios of V ranged between
0.89–1.10 and 0.81–1.32, respectively, for 11 of the 12 subjects. When a two-compartment
model with no covariate was applied, the MSE ratios were 0.09–111 and 0.01–1.60, respec-
tively. The ratios of K were 0.49–1.33 in both comparisons, while the ratios of the estimated
Vc were 0.75–2.45 and 0.75–2.49, respectively. The KCP/KPC ratios ranged between 0.27
and 1.80, and 0.27 and 1.66, respectively. Finally, when a two-compartment model with a
creatinine clearance covariate was employed, the MSE ratios were 1.02–5.47 and 0.05–1.61,
respectively (with the exception of subject 10, for whom the MSE ratios obtained were 181
and 5.33, respectively). The ratios of KS were 0.14–2.75 and 0.14–2.33, and the ratios of
the estimated Vc were 0.84–3.55 and 0.83–2.56, respectively. The KCP/KPC ratios were
0.15–1.70 and 0.15–1.72, respectively. The comprehensive evaluation of the performance of
QMs is provided in the Supplementary File.

Table 4. Comparison of the performance of quasi-models (QM) and population pharmacokinetic
(pop-PK) models when applying nonparametric adaptive grid (NPAG) modeling, or nonparametric
maximum a posteriori probability (MAP) Bayesian analysis. Ratios of the mean squared errors (MSE)
and of pharmacokinetic parameters are shown. In the case of MSE, a ratio of 0.01–1.00 corresponds
to the superior performance of the quasi-model-based estimation, a ratio of 1.00 corresponds to
equivalence, while a ratio of >1.00 corresponds to the better performance of the pop-PK model-based
estimation; each 0.01 increment corresponds to an additional 1% difference. K, elimination rate
constant. KCP, rate constant of mass transfer from the central to the peripheral compartment. KPC,
rate constant of mass transfer from the peripheral to the central compartment. KS, renal elimination
rate constant. V, apparent volume of distribution. Vc, apparent volume of the central compartment.

Model Comparator Value Obtained for QM/Value Obtained for
pop-PK Model, NPAG

Value Obtained for QM/Value Obtained for
pop-PK Model, MAP Bayesian Analysis

#1
MSE 0.70–1.08

(Subject 4: 1.83, Subject 10: 5.67) 0.27–1.07

K 0.95–1.21 0.88–1.05
V 0.91–1.04 0.93–1.04

#2

MSE 0.09–111 0.01–1.60 (Subject 8: 7.40)
K 0.49–1.33 0.49–1.33
Vc 0.75–2.45 0.75–2.49

KCP/KPC 0.27–1.80 0.27–1.66

#3
MSE 0.37–1.83

(Subject 9: 32.54, Subject 10: 4.89) 0.29–1.01

KS 0.50–1.25 0.50–1.25
V 0.89–1.10 (Subject 9: 3.55) 0.81–1.32 (Subject 9: 1.99)

#4

MSE 1.02–5.47 (Subject 10: 181) 0.05–1.61 (Subject 10: 5.33)
KS 0.14–2.75 0.14–2.33
Vc 0.84–3.55 0.83–2.56

KCP/KPC 0.15–1.70 0.15–1.72
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Figure 6. Radar plots showing the differences between the performance of the best-performing single-
compartment quasi-models and of the single-compartment population pharmacokinetic models
(#1 and #3) for each subject. (A–F), comparison of the performance of models constructed without
the inclusion of creatinine clearance as a covariate. (A–C), the comparison of the mean squared
errors (MSE) of predictions (A), the elimination rate constants (B), and the volumes of distribution
(C) obtained by applying the best-performing quasi-models to the estimates obtained using non-
parametric adaptive grid (NPAG) modeling and the population PK models. (D,F), the comparison
of the MSE’s of predictions (D), the elimination rate constants (E), and the volumes of distribution
(F) obtained by applying the best-performing quasi-models to the estimates obtained when conduct-
ing nonparametric maximum a posteriori probability (MAP) Bayesian analysis on the population PK
models. (G–L), comparison of the performance of models constructed with the inclusion of creatinine
clearance as a covariate. (G–I), the comparison of the MSE’s of predictions (G), the elimination rate
constants (H), and the volumes of distribution (I) obtained by applying the best-performing quasi-
models to the estimates obtained using NPAG and the population PK models. (J–L), the comparison
of the MSEs of predictions (J), the elimination rate constants (K), and the volumes of distribution
(L) obtained by applying the best-performing quasi-models to the estimates obtained when conduct-
ing MAP Bayesian analysis on the population PK models. Each black circle represents an additional
100% increase in the ratio of values obtained by applying the best-performing quasi-models and of
values obtained by applying the NPAG or the MAP Bayesian algorithm to the population PK models,
with the central black circle corresponding to 100% agreement.
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Figure 7. Radar plots showing the differences between the performance of the best-performing two-
compartment quasi-models and of the two-compartment population pharmacokinetic models (#2 and
#4) for each subject. (A–H), comparison of the performance of models constructed without the inclu-
sion of creatinine clearance as a covariate. (A–D), the comparison of the mean squared errors (MSE)
of predictions (A), the elimination rate constants (B), the volumes of the central compartment (C), and
the ratios of the central-to peripheral compartment and the peripheral-to-central compartment mass
transfer rate constants (KCP/KPC ratio, (D)) obtained by applying the best-performing quasi-models
to the estimates obtained when applying nonparametric adaptive grid (NPAG) modeling and the pop-
ulation PK data. (E–H), the comparison of the MSEs of predictions (E), the elimination rate constants
(F), the volumes of the central compartment (G), and the KCP/KPC ratios (H) obtained by applying
the best-performing quasi-models to the estimates obtained when applying nonparametric maximum
a posteriori probability (MAP) Bayesian analysis on the population PK data. (I–P), comparison of the
performance of models constructed with the inclusion of creatinine clearance as a covariate. (I–L), the
comparison of the MSEs of predictions (I), the elimination rate constants (J), the volumes of the
central compartment (K), and the KCP/KPC ratios (L) obtained by applying the best-performing
quasi-models to the estimates obtained when applying NPAG algorithm and the population PK data.
(M–P), the comparison of the MSEs of predictions (M), the elimination rate constants (N), the volumes
of the central compartment (O), and the ratios of the KCP/KPC ratios (P) obtained employing the
best-performing quasi-models to the estimates obtained when applying MAP Bayesian analysis on
the population PK data. Each black circle represents an additional 100% increase in the ratio of values
obtained by applying the best-performing quasi-models and of values obtained by applying the
NPAG or the MAP Bayesian algorithm to the population PK models, with the central black circle
corresponding to 100% agreement.
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The concentration curves fitted by nonparametric MAP Bayesian analysis using the
best-performing individual QMs as priors, along with the quality of the fits, are available in
the Supplementary File. The determination coefficients of the relationship between the pre-
dicted and observed piperacillin concentrations were 0.933–0.999, 0.922–0.999, 0.935–0.999
and 0.935–0.999 when applying model #1–#4, respectively. Considerable mismatches be-
tween predicted and observed concentrations were observed when two-compartment
QMs were applied with no covariate for the data of subject 9. In the case of subject 10,
the determination coefficients obtained when single-compartment models (model #1 and
model #3) were applied were 0.831–0.834 and 0.833–0.834, respectively. The underlying
reason for the weaker agreement appeared to be a single sample (sample 2) for which
the measured piperacillin concentration was consistently lower than predicted. Two-
compartment quasi-models were clearly not suitable for this patient, as reflected by the
determination coefficients 0.292–0.568 and 0.359–0.513 obtained for models #2 and #4,
respectively. The poor agreement between predicted and observed values could be traced
back to the algorithm included in the nonparametric MAP Bayesian analysis; when the
pop-PK models were employed as priors, running NPAG resulted in determination coeffi-
cients of 0.985–0.987, whereas the application of the MAP Bayesian algorithm resulted in
coefficients of 0.136–0.831.

4. Discussion

Several piperacillin population pharmacokinetic models are available in the literature,
predominantly with the consideration of single- or, more often, two-compartment models
including creatinine clearance as a covariate [22–24]. Nevertheless, it has recently become
apparent that the suitability of these models for making estimates of individual pharma-
cokinetic properties can be highly variable. A multicenter study revealed only three models
which provided acceptable estimates and absolute prediction errors. Interestingly, the
authors of this study concluded that the accuracy of estimates was gender-dependent [24].

Nonparametric pharmacokinetic modeling is a powerful tool for guiding individ-
ualized drug therapy. The pharmacokinetic characteristics of the individuals included
in the modeling process are retained instead of constructing statistical summaries which
do not show individual values. Consequently, the identification of subpopulations and
individual outliers, which are often of special clinical interest, is feasible. The evaluation
and comparison of nonparametric models is straightforward, and the limitations of the
constructed models are transparent.

Multimodel approaches have been proposed to improve individual estimates for drugs
such as tacrolimus in liver, lung and bowel transplanted patients. For each individual,
a model could be selected by employing a weight-based algorithm which compared the
median prediction error of each model to that of a set of nine models picked randomly from
a library consisting of 70 population models [25]. Such efforts can be supported further
by employing models augmented by computer algorithms. Mao et al. demonstrated the
efficiency of models based on machine learning (ML), specifically of those built using an
artificial neural network algorithm, to be superior to that of population pharmacokinetic
models when estimating cyclosporin A concentrations [8]. Hybrid pop-PK-ML models have
been shown to have a performance superior to that of pop-PK models alone with iohexol
and isavuconazole [26,27]. In addition to improving modeling performance, the tremen-
dous saving on modeling time offered by ML algorithms is an important advantage [28].
Such efforts indicate that the application of ML-based approaches, should they rely on the
integrated analysis of several pop-PK models or on artificial algorithms, could be the next
important step towards the implementation of personalized drug therapy.

The methodology presented in this work is similar to an earlier concept created by
Jelliffe et al., and based on hybrid Bayesian analysis [29]. Jelliffe et al. proposed the
augmentation of nonparametric population PK model support points with further ones,
generated by the modeler. These additional support points were evenly distributed in a
parameter subspace (not necessarily within the parameter space defined by the pop-PK
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model), formed a symmetric grid, and were assigned equal probabilities. Our methodology
relies on the generation of random support points with equal probabilities (currently within
the parameter space defined by the population PK model), and on building multiple models.
This approach is based on a simple computing algorithm, and is not bound by the set of
support points of the pop-PK model. Instead of employing the conventional workflow of
generating a population model, and then applying it to individual data, any number of
such QMs can be generated and tested until a set of support points displaying acceptable
performance in estimating drug exposure in the given patient is found. An important
advantage of employing QMs is the simplicity and the low time-consumption of their
generation, as well as the transparency of their operation. In most of our analyses, the
performance of the best-performing QMs was equivalent to, or better than that of MAP
Bayesian analysis or of the NPAG model; although the latter actually contained the set of
the estimated pharmacokinetic properties of each individual. Two-compartment models of
piperacillin were superior in performance to single-compartment models when considering
statistical indicators at population level but, in view of the MSE’s obtained, could not be
favored in all individuals. Our results demonstrate that the type of pharmacokinetic model
which provides the best performance may have to be determined for each individual. As
an example, a two-compartment model could not be fitted to the data of subject 10, while
a single-compartment model with creatinine clearance included as a covariate provided
considerably worse fits for subject 9 in comparison to all other models employed. This
indicates that flexibility in selecting the most suitable type of the PK model from a set of
models in each individual case may be relevant to clinical practice, and also highlights the
importance of collecting a set of blood samples from each patient which is sufficiently large
for comparing the performance of various PK models (Table 5).

Table 5. Mean squared errors obtained for each subject using the best-performing quasi-model.
CRCL, creatinine clearance.

Mean Squared Errors of the Quasi-Models Showing Best Performance

Number of Subject One Compartment,
No Covariate

One Compartment,
CRCL Covariate

Two Compartments,
No Covariate

Two Compartments,
CRCL Covariate

1 0.538 0.534 0.679 0.629
2 22.552 22.853 15.219 16.599
3 1.623 1.727 0.755 1.196
4 66.147 65.318 9.096 13.452
5 14.362 13.305 5.292 5.968
6 49.163 47.331 46.657 46.923
7 16.046 15.458 13.018 8.677
8 22.919 22.909 28.703 24.227
9 26.125 612.196 18.442 23.742
10 25.978 25.999 455.938 743.067
11 99.281 99.798 96.929 94.461
12 10.755 10.732 6.882 5.302

Usually, the subjects are divided into a training set and a test (or validation) set when
evaluating the performance of a pharmacokinetic model [30]. In the presented work, the
training and testing set had to be the same due to the fact that the support points of the pop-
PK models and the QMs were independent of each other. The NPAG algorithm employs
several thousand support points for selecting the best fit; therefore, it is extremely reliable in
making the most efficient estimates in a setting of rich sampling such as the one employed
in the present work. The results show that the differences in IPKP-NPAG versus IPKP-NPB
estimates were larger than those obtained for IPKP-NPB versus IPKP-QM estimates. The
performance of QMs compared to that of the pop-PK models when employing the MAP
Bayesian algorithm provides evidence that they are efficient alternatives to pop-PK models.
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The inclusion of creatinine clearance as a covariate did not lead to the improvement of
the pharmacokinetic models (Table 2). When CRCL was included in the single-compartment
model #3, the shrinkage was considerably higher than that observed for model #1. Since
this effect of the inclusion of the CRCL covariate was not observed in the case of two-
compartment models (#2 and #4), it seems rational to conclude that the result of testing
this covariate was helpful in model selection. It is rational to assume that the importance
of including CRCL as a covariate may become even more apparent when the course of
piperacillin pharmacokinetics is monitored over several days, considering the fact that the
renal function of critically ill patients is often unstable.

Creatinine clearance was estimated using the equation described by Jelliffe, which
allows calculation without measuring urinary creatinine levels. This equation was incorpo-
rated into the BestDoseTM software. Calculation is based on Equation (1):

0.4 × BW × (c2 − c1)

T
= Padj −

c1 + c2

2
× CCR × 1440 (1)

where BW corresponds to body weight in kg, c1 and c2 are the first and second serum
creatinine concentrations in mg/dL, respectively, Padj is the adjusted creatinine production
in mg and CCR is the creatinine clearance in hundreds of mL per minute [20]. It must
be noted that estimating creatinine clearance by measuring serum creatinine is not an
optimal approach in the critically ill, as sarcopenia or a poor clinical status influence serum
creatinine concentrations [31]. Furthermore, creatinine is not only filtered, but also secreted
by the kidneys [32]. The impact of changes in the clinical status on serum creatinine can be
detected with a delay of 24–36 h, and only when at least half of the nephrons have ceased
to function. Since the present work focused on piperacillin pharmacokinetics in the first
24 h of intensive care, these factors are not expected to have influenced our findings.

Evaluating inulin clearance is often considered as the gold standard for characterizing
the glomerular filtration rate, but is impractical in the clinical setting [33]. Various biomark-
ers (such as cystatin C) have been proposed, and it seems that multimarker panels may be
superior to single laboratory parameters in this respect [34]. An important yet challeng-
ing area of future research is the incorporation of novel biomarkers of renal function in
pharmacokinetic models, especially in unstable, critically ill patients. Jelliffe’s formula is
valuable as it takes the instability of renal function into account, and is compatible with
interacting multiple modeling, which is an efficient approach to describing even the rapidly
changing pharmacokinetics of a drug in unstable patients [35]. Combined with QMs, this
approach may be highly useful in detecting changes in the clinical status of critically ill
patients receiving piperacillin.

The following limitations apply to the results presented: (1) the efficiency of QMs was
tested only within the ranges of the random-effect pharmacokinetic variables established
in the NPAG runs; (2) the number of subjects included in the study was small, and model
optimization was not performed by, for example, evaluating the inclusion of covariates
other than creatinine clearance; and (3) the QMs did not allow the inference of real phar-
macokinetic information on the population involved in the modeling process. The goal of
making efficient individual estimates was nevertheless attained; therefore, the QMs have
the potential to be applicable for predicting future concentrations in individuals, which is
the most important aim in the clinical setting. From a clinical standpoint, a minor limitation
is that obtaining six concentration points can be difficult in real clinical scenarios. A further
exploration of the performance of the QMs on sets of less richly samples patients will,
therefore, be necessary.

Finally, the extensive experimental elaboration of the assay error polynomial proved to
be essential for achieving the described performance of the QMs. While the options of an ad-
ditive or a multiplicative error model are available when running NPAG, and the definition
of a higher value for the respective constant may compensate for a less accurate assay error
model, the definition of additional error terms is more complex in the BestDoseTM software,
and the compensation may require entering unrealistic values for dosing and sampling
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error, or may not be possible at all. Most often, linear equations and second-degree polyno-
mials can be applied to describe the quantitative relationship between analyte concentration
and the method standard deviation of liquid chromatography-tandem mass spectrometry
methods and immunoassays, respectively. In our case, a third-degree polynomial fit was
clearly appropriate for the employed HPLC-UV assay [36,37].

5. Conclusions

The joint concept of rich sampling and the use of fully artificial nonparametric quasi-
models can provide an efficient augmentation tool for planning and monitoring individual-
ized drug regimens, and may therefore be considered as an alternative to limited sampling
strategies employed when a larger set of subjects is available. Nonparametric QMs can
be especially useful when the number of subjects available for pop-PK modeling is small,
which is a common scenario in the clinical setting, especially in the case of drugs which
have been introduced to the market only recently.

The performance of two-compartment pharmacokinetic models has proved to be
superior to that of single-compartment models, pointing to the benefit of rich sampling.
Including creatinine clearance as a covariate did not lead to a significant improvement
in model performance. Nevertheless, such models may be valuable in the future when
longitudinal analyses are conducted in patients with unstable renal function.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics16030358/s1, Figure S1. Individual concentration-
time curves obtained when applying the best-performing quasi-models to the observed piperacillin
concentrations. Each row shows the curves fitted, along with the correlation plots of the observed and
predicted concentrations for a Subject (S1–S12). The horizontal and vertical axes of the fitted curve
plots represent time (h) and piperacillin concentration (µmol/L), respectively. The origin (time = 0 h)
corresponds to the time of the initiation of treatment with piperacillin/tazobactam. The axes of the
correlation plots are predicted and observed piperacillin concentrations (µmol/L). CRCL, creatinine
clearance. Table S1. Coefficients of correlation between the values of the covariates tested, and the
pharmacokinetic variables modeled. K, elimination rate constant. KCP, rate constant of the mass
transfer from the central to the peripheral compartmetnt. KPC, rate constant of the mass transfer
from the peripheral to the central compartment. V, Volume of distribution. Vc, volume of the central
compartment. Table S2: Performance of the quasi-models for Subject 1; Table S3: Performance of
the quasi-models for Subject 2; Table S4: Performance of the quasi-models for Subject 3; Table S5:
Performance of the quasi-models for Subject 4; Table S6: Performance of the quasi-models for Subject
5; Table S7: Performance of the quasi-models for Subject 6; Table S8: Performance of the quasi-models
for Subject 7; Table S9: Performance of the quasi-models for Subject 8; Table S10: Performance of
the quasi-models for Subject 9; Table S11: Performance of the quasi-models for Subject 10; Table S12:
Performance of the quasi-models for Subject 11; Table S13: Performance of the quasi-models for
Subject 12.
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Abstract: Area under the curve (AUC)-directed vancomycin therapy is recommended, but Bayesian
AUC estimation in critically ill children is difficult due to inadequate methods for estimating kidney
function. We prospectively enrolled 50 critically ill children receiving IV vancomycin for suspected
infection and divided them into model training (n = 30) and testing (n = 20) groups. We performed
nonparametric population PK modeling in the training group using Pmetrics, evaluating novel
urinary and plasma kidney biomarkers as covariates on vancomycin clearance. In this group, a two-
compartment model best described the data. During covariate testing, cystatin C-based estimated
glomerular filtration rate (eGFR) and urinary neutrophil gelatinase-associated lipocalin (NGAL;
full model) improved model likelihood when included as covariates on clearance. We then used
multiple-model optimization to define the optimal sampling times to estimate AUC24 for each subject
in the model testing group and compared the Bayesian posterior AUC24 to AUC24 calculated using
noncompartmental analysis from all measured concentrations for each subject. Our full model
provided accurate and precise estimates of vancomycin AUC (bias 2.3%, imprecision 6.2%). However,
AUC prediction was similar when using reduced models with only cystatin C-based eGFR (bias
1.8%, imprecision 7.0%) or creatinine-based eGFR (bias −2.4%, imprecision 6.2%) as covariates on
clearance. All three model(s) facilitated accurate and precise estimation of vancomycin AUC in
critically ill children.

Keywords: critical illness; sepsis; kidney injury; biomarkers; pediatric pharmacology; population
pharmacokinetics; Bayesian estimation

1. Introduction

Vancomycin is the drug of choice for treatment of serious Gram-positive infections in
children and is one of the most frequently administered drugs in the pediatric intensive
care unit [1]. Its efficacy and toxicity are most closely related to an individual’s 24 h area
under the curve (AUC24) [2–6]. Traditionally, vancomycin therapeutic drug monitoring
(TDM) relied upon measurement of trough concentrations (Cmin), which were used as a
surrogate for AUC24 [7]. However, with the continued maturation of Bayesian dosing
software programs, AUC-based dosing using population models and limited sampling is
becoming more routine [8]. Unfortunately, Bayesian AUC estimation from a single trough
measurement can be inaccurate, and validated vancomycin population pharmacokinetic
(popPK) models to inform Bayesian dosing and AUC estimation in critically ill children
are lacking.

Pharmaceutics 2023, 15, 1336. https://doi.org/10.3390/pharmaceutics15051336 https://www.mdpi.com/journal/pharmaceutics



Pharmaceutics 2023, 15, 1336

Vancomycin is renally eliminated, and total body clearance (CL) is correlated with
glomerular filtration rate (GFR) [9]. However, direct measurement of GFR in critically
ill children is impractical and biomarkers are typically used to estimate renal function in
individual patients. Creatinine is the biomarker most often relied upon to estimate kidney
function in children, but it is not ideal in critically ill children as serum concentrations are
affected by numerous factors (medications, muscle mass, age) and are slow to change in
the setting of acute kidney injury (AKI) [10]. Despite their limitations, creatinine-based
GFR equations, such as the bedside Schwartz equation (Schwartz) [11], remain commonly
used for dosing guidance in the critical care setting.

Newer biomarkers have been discovered that are more sensitive indicators of kidney
injury and function than creatinine. Cystatin C (CysC) is a protein that is widely expressed
by nucleated cells, produced at a constant rate in the body, freely filtered by the glomerulus,
and not secreted by renal tubules [12]. These characteristics make plasma CysC a good
biomarker of GFR [12] and studies have demonstrated its superiority over creatinine for
GFR estimation and earlier AKI detection in critically ill children, including those with sep-
sis [13–19]. We also previously found that CysC-based eGFR was more closely associated
with vancomycin clearance (CL) than creatinine-based eGFR in critically ill children using
a popPK modeling approach [20]. Neutrophil gelatinase-associated lipocalin (NGAL) is an-
other promising biomarker for the early detection of AKI in critically ill children [19,21,22].
Plasma and urinary NGAL increase prior to changes in creatinine in critically ill children
with sepsis [19,23], and urinary NGAL concentrations have been described as a predictor
of vancomycin-associated AKI in hospitalized adults [24]. Other urinary biomarkers, kid-
ney injury molecule-1 (KIM-1) and osteopontin, show good correlation with vancomycin
exposures (AUC24, Cmax) and are predictive of vancomycin-associated AKI in humanized
rat models [25–27]. Given the known limitations of creatinine in children, we hypothe-
sized that the clinical use of novel biomarkers can improve estimation of kidney function
and vancomycin clearance in critically ill children and ultimately promote individualized
vancomycin dosing via Bayesian approaches.

We aimed to develop a popPK model for intravenous (IV) vancomycin in critically ill
children incorporating novel urinary and plasma biomarkers of kidney injury. From this
population model, we sought to evaluate Bayesian estimation of AUC24 in a separate cohort
of patients. Ultimately, the goal of this work was to generate and validate a population
PK model of vancomycin in critically ill children that could inform Bayesian estimation of
AUC24 using limited sampling.

2. Materials and Methods
2.1. Study Population

We performed a prospective, observational study in the Pediatric Intensive Care Unit
(PICU) at the Children’s Hospital of Philadelphia (CHOP) from August 2018 to July 2021.
Patients aged 1–17 years old receiving intermittent dosing of intravenous (IV) vancomycin
for a suspected infection, defined as performance of a microbiological culture within 24 h
of vancomycin initiation, were eligible for inclusion. Eligible patients were identified as
soon after initiation of vancomycin as possible. Those receiving renal replacement therapy,
plasmapheresis, or extracorporeal membrane oxygenation were ineligible. To be deemed
evaluable, subjects had to have ≥3 PK samples collected, as well as ≥1 urine sample and
1 plasma sample collected for biomarker measurement (see below).

After enrollment was completed, evaluable subjects were divided into model training
(n = 30) and testing (n = 20) groups. To perform this, we randomly selected 20 subjects
who had ≥4 PK samples obtained to serve as the model testing group, while the remain-
der were assigned to the model training group. This approach was taken to facilitate
AUC24 estimation using noncompartmental methods within the model testing group, as
described below.

The CHOP Institutional Review Board (IRB) approved the study protocol (IRB 18-
014851, Approved: 20 March 2018) with a waiver of documented assent; verbal assent was
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obtained, as appropriate. Documented informed consent was obtained from the patient’s
parent(s)/legal guardian(s).

2.2. Dosing, PK Sampling, and Biomarker Measurement

Vancomycin was ordered for clinical care in all patients, with dosages and infusion
rates determined by the clinical team. Typical initial dosages were 10–15 mg/kg/dose
every 6–8 h, depending on age, weight, and estimated renal function. All decisions about
dosing and duration of therapy were at the discretion of the clinical team. During the study,
routine TDM included collection of trough (Cmin) concentrations, with doses adjusted to
achieve a goal of 5–15 µg/mL, as appropriate. In 2020, AUC-based TDM was implemented
at our hospital, such that patients requiring >48 h of vancomycin therapy had two blood
samples collected (at 1 h after the end of the infusion and at Cmin). AUC was calculated
using log-linear methods and doses were adjusted to achieve an AUC of 400–600 mg h/L.

For each participant, five vancomycin concentrations (PK sampling) were obtained
after ≥4 vancomycin doses during a single dosing interval at the goal times shown in
Table S1; since clinical care could interfere with the precise timing of sample collection,
samples were accepted outside of these windows. Sampling took place within 48 h of
enrollment for all participants. Samples could be collected prior to the fourth dose if a
patient had impaired renal function such that he/she did not receive vancomycin at regular
dosing intervals, so long as he/she had received ≥24 h of treatment; this applied to only
one participant. All samples were collected via arterial catheter, peripheral venipuncture, or
venous catheter, if not used for administration of vancomycin. In addition to PK sampling,
the clinical team performed therapeutic drug monitoring (TDM) according to institutional
standard practice. Results of TDM samples were recorded and included in our study
if collected prior to PK sampling; individuals only participated through the time of PK
sampling, so dosing information and TDM results that took place after PK sampling for the
study were not recorded.

All vancomycin concentrations were measured by chemiluminescent microparticle
immunoassay (Abbott, Abbott Park, IL, USA) in the CHOP Chemistry Laboratory; the
lower limit of quantification (LLOQ) of this assay was 3.0 µg/mL. Results of both PK
sampling and TDM were made available in the subject’s electronic medical record.

After enrollment, urine and blood samples were obtained for biomarker measurement.
Two urine samples were collected from subjects for measurement of the following biomark-
ers: NGAL, KIM-1, cystatin C, osteopontin, and creatinine. These samples were obtained
starting the day of enrollment in the evening (3–7 pm) and morning (6–10 am) prior to PK
sampling. Collection of urine samples outside of the above windows was permitted, based
on the condition and clinical care needs of the patient. Urine samples were collected via
indwelling urinary catheter, clean intermittent catheterization (if performed for clinical
care), cotton balls, urine cup, or urine bag. In addition to prospective urine collection, we
also identified and obtained any available residual urine samples that had been collected
clinically within 24 h prior to initiation of IV vancomycin. These samples served as baseline
biomarker measurements when available. A single blood sample was drawn within 24 h of
PK sampling for measurement of plasma biomarkers (cystatin C and NGAL), as well as
creatinine if not performed clinically. We similarly identified any available residual plasma
samples that had been collected clinically up to 24 h preceding initiation of IV vancomycin
to serve as baseline measurement of biomarkers.

KIM-1, osteopontin, NGAL (urine and plasma), and cystatin C (urine and plasma)
were measured using Quantikine® ELISA (R & D Systems, Inc., Minneapolis, MN, USA).
Urine creatinine (uCr) was measured via two-point end enzymatic method on a Cobas®

system (Roche Diagnostics, Basel, Switzerland). These tests were performed in the CHOP
Translational Core Laboratory. Plasma creatinine was measured by two-point rate spec-
trophotometric method (Vitros5600™ analyzer, Ortho Clinical Diagnostics, Raritan, NJ,
USA) in the CHOP Chemistry Laboratory.
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2.3. Population PK Model Training

Figure 1 displays a flow diagram of our approach to population PK model training
and testing. Nonparametric population PK modeling was performed using the Pmetrics
package (version 1.9.7; Laboratory of Applied Pharmacokinetics and Bioinformatics, Los
Angeles, CA, USA) [28] for R (version 3.6.3; R Foundation for Statistical Computing,
Vienna, Austria) [29] in RStudio (v1.2.5033; RStudio, Inc., Boston, MA, USA) [30]. One-
and two-compartment models were constructed using the nonparametric adaptive grid
(NPAG) algorithm [31]. Parameters included Vd (volume of the distribution) and CL (total
body clearance) for one-compartment models and CL (clearance), Q (intercompartmental
clearance), V1 (central volume), and V2 (peripheral volume) for two-compartment models.
Clearance parameters were allometrically scaled for standardized weight to a power of
0.75 and volume parameters were scaled by standardized weight (power 1); weight was
standardized by the median of the subjects’ weights (27 kg). The weighting function
on observations was 1/(gamma * SD2), where SD (standard deviation) was a combined
additive and multiplicative function of the assay imprecision as a polynomial equation:
SD = C0 + [C1 × observed concentration]; C0 had a value of 1.5 (half the LLOQ) and C1 a
value of 0.1, i.e., an assay with 10% coefficient of variation (CV%). Gamma was initially set
to 1 and fitted to estimate the residual model error.

Figure 1. Flow diagram of study design. Left-hand side depicts how data from the 30 subjects
assigned to model training were used, while right-hand side shows how data from the 20 subjects
in the model testing group were utilized. Abbreviations: AUC, area under the concentration–time
curve; AUCmodel, area under the curve from model-predicted concentrations; AUCobs, area under the
curve from observed concentrations; CL, clearance; MMOpt, multiple-model optimization algorithm;
NCA, noncompartmental analysis; PK, pharmacokinetic. Created with BioRender.com.

Following determination of the base model structure, covariate model selection was
then performed in a two-stage process. Since vancomycin is renally eliminated, we first
sought to identify the best renal function marker to include as a covariate on CL. This
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included plasma biomarkers (creatinine, cystatin C (pCysC), and NGAL (pNGAL)), as well
as eGFR based on these biomarkers. GFR was estimated using creatinine alone according
to the bedside Schwartz equation (Schwartzbed) [11], pCysC alone based on the Hoek
equation [32], and both creatinine and pCysC based on the full age spectrum equation [33].
These cystatin C equations were chosen based on our previous evaluation of their ability to
inform vancomycin CL during parametric population PK modeling [20].

Next, we evaluated additional covariates on CL and V1 using a forward selection
approach. All covariates were selected based on physiologic plausibility. Binary covariates
included sex, receipt of vasopressor medications, and presence of augmented renal clear-
ance (defined as eGFR > 130 mL/min/1.73 m2; tested on CL only) [34], while continuous
covariates included age, Pediatric Index of Mortality 3 (PIM3) score [35], and the above
listed plasma and urinary biomarkers (on CL only). Urinary biomarkers were normalized
to urine creatinine (i.e., [biomarker]/[uCr]) to account for urine volume. Continuous covari-
ates were normalized to the median population value with the covariate effect evaluated
using a power function; age was also evaluated as a Hill function on CL [36]. Meanwhile,
binary covariates were parameterized using a linear proportional approach such that the
covariate effect reflects a proportion increase/decrease of the typical parameter value in
the absence of the covariate.

Covariate selection was guided by the principle of parsimony and by measures of
goodness-of-fit. Models were evaluated at each step by inspection of observed-versus-
predicted concentration plots, as well as examination of the model’s bias, imprecision,
regression coefficient, log-likelihood ratio (−2 × LL), and Akaike’s information criterion
(AIC) value. With the addition of a covariate to a model, a difference in the log-likelihood
ratio of >3.84 was considered significantly improved fit (corresponding to p < 0.05 for one
additional degree of freedom). When comparing models with the same degrees of freedom,
lower AIC, bias, and imprecision of the observed-versus-predicted concentrations guided
model selection.

2.4. Model Testing via Area under the Curve Comparisons

After model training, we evaluated the ability of the full model to predict vancomycin
AUC for each subject in the model testing group. We first calculated the AUC for the dosing
interval during which PK sampling was performed using his/her observed concentrations
and linear up-log down trapezoidal noncompartmental analysis (NCA) [37]. Because of
the timing of PK sampling, the drug was assumed to be at steady state, and therefore the
same minimum concentration (Cmin) was used prior to and after a given dose in these
calculations. The 24 h “true” or observed AUC (AUCobs) was then computed based on the
subject’s anticipated number of doses in a 24 h period.

We then used Bayesian estimation to evaluate how well our full model predicted
AUCobs. The population joint density of the full model was employed as a Bayesian prior
for each subject in the model testing group. Simulated concentration–time profiles were
generated with predicted outputs each minute. The predicted concentration at the time of
each measured PK sample, as well as at the start and end of his/her infusion, was recorded.
The trapezoidal method was then taken, using all of the subject’s predicted concentrations
to calculate a predicted AUC24 (AUCfull).

Recognizing that urinary biomarkers would not be routinely available in clinical
practice, we also performed Bayesian estimation using two simpler models: a model incor-
porating only CysC-based eGFR (from Hoek equation) on CL and a model incorporating
only creatinine-based eGFR (from bedside Schwartz equation) on CL. These models were
chosen as comparators because they are more parsimonious and contain covariates that
are readily available at all (creatinine) or many (CysC) pediatric institutions, which we felt
would allow for easier clinical implementation. As above, AUC24 was calculated for both
the Hoek (AUCHoek) and Schwartz (AUCSchwartz) models.

To assess the predictive performance of our models for AUC estimation, we de-
termined the bias and imprecision of the AUC predictions from each model for each
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subject. Bias was calculated as (AUCpred − AUCobs)/AUCobs × 100 and imprecision as
|AUCpred − AUCobs|/AUCobs × 100, where AUCpred is the generic AUC24 predicted by
our models: AUCfull, AUCHoek, and AUCSchwartz. Data were then summarized as the
median bias (median percentage predictive error) and imprecision (median absolute per-
centage predictive error) for each model, as well as the fraction of subjects whose AUCpred
was within 5%, 10%, 15%, and 20% of his/her AUCobs. Spearman correlation between
AUCpred and AUCobs was also determined for each model. The a priori acceptance criteria
were that AUCpred was within 20% of AUCobs in 85% of subjects and that the correlation
between AUCpred and AUCobs was >0.9.

2.5. Area under the Curve Estimation from Optimal Sampling

The goal of Bayesian AUC estimation in clinical practice is to accurately estimate
vancomycin AUC24 using limited PK sampling. As such, we also sought to evaluate
the ability of our model(s) to estimate AUC24 using one and two optimally timed PK
samples per subject. To achieve this, we utilized the multiple-model optimization algorithm
(MMopt) in Pmetrics, which finds the optimal times based on when all the PK curves
generated by the support points in the nonparametric model are most separated (e.g., the
time points that are most informative), minimizing the Bayesian risk of misclassifying an
individual as the wrong set of support points [38]. For each subject in the model testing
group, MMopt was used identify the one and two most informative sampling time points
for Bayesian estimation of AUC. We then created a reduced dataset for each subject that
contained only the one or two observed concentrations closest to the optimal sampling
time(s) identified by MMopt. We repeated the processes above in 2.d. with the population
joint density of each model employed as a Bayesian prior and simulated concentration–
time profiles generated using only these reduced datasets. Predicted concentrations were
again recorded and AUC24 was calculated via the trapezoidal method. Bias, imprecision,
and correlation were determined for each model, this time based on predictions from
limited sampling.

3. Results
3.1. Study Population

In total, 85 patients provided consent to participate. Five were deemed screen fail-
ures following consent and were excluded prior to performance of any study procedures.
Meanwhile, 29 subjects were unevaluable because vancomycin was discontinued by the
clinical team prior to PK sampling (n = 28) or could not undergo PK sampling (n = 1). One
additional subject was excluded due to laboratory processing issues of the PK samples,
making results uninterpretable (results reported out of order). As a result, 50 individuals
participated in our study and were fully evaluable. Of these, 44 were eligible to be in the
testing group (i.e., had ≥4 PK samples available), of whom we randomly chose 20. The
characteristics of the model training and test groups are shown in Table 1. In general, the
groups were similar, although the test group were less often on vasopressors at the start of
vancomycin and received slightly larger vancomycin doses at the time of PK sampling.

Table 1. Study population characteristics.

Characteristic Model Training Group (n = 30) Model Testing Group (n = 20) p-Value a

At start of vancomycin

Age in years, median (IQR) 9.8 (3.8–11.2) 10.2 (2.9–13.2) 0.68

Weight in kg, median (IQR) 25.9 (13.9–41.8) 37.6 (14.4–57.5) 0.33

Female sex, n (%) 11 (37) 5 (25) 0.54

Serum creatinine in mg/dL,
median (IQR) 0.40 (0.23–0.60) 0.40 (0.19–0.43) 0.22
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Table 1. Cont.

Characteristic Model Training Group (n = 30) Model Testing Group (n = 20) p-Value a

eGFRSchwartz in mL/min/1.73 m2,
median (IQR)

117 (97–154) 154 (126–185) 0.06

Receipt of vasopressors, n (%) 18 (60) 6 (30) 0.05

Vancomycin dose in mg/kg/dose,
median (IQR) 14.7 (11.9–15.0) 14.5 (11.8–14.8) 0.60

At PK sampling

Serum creatinine in mg/dL,
median (IQR) 0.30 (0.20–0.48) 0.35 (0.19–0.50) 0.92

eGFRSchwartz in mL/min/1.73 m2,
median (IQR)

164 (114–222) 156 (134–184) 0.95

eGFRHoek in mL/min/1.73 m2,
median (IQR)

143 (110–197) 130 (96–156) 0.64

Receipt of vasopressors, n (%) 14 (47) 7 (35) 0.56

PIM3 probability of death,
median (IQR) 1.3% (0.5–4.3) 1.3% (0.4–4.1) 0.96

Vancomycin dose in mg/kg/dose,
median (IQR) 13.2 (10.0–14.8) 15.0 (14.5–15.7) 0.005

Duration of vancomycin therapy
prior to PK sampling (in hours),
median (IQR)

36.4 (30.8–41.4) 36.1 (32.1–41.9) 0.68

a Continuous variables were compared using Wilcoxon rank sum tests and categorical variables were com-
pared using chi-squared or Fisher’s exact tests. Abbreviations: eGFR, estimated glomerular filtration rate; IQR,
interquartile range; PIM3, Pediatric Index of Mortality 3.

3.2. Population PK Model Training

Thirty subjects contributed 150 vancomycin concentrations (14 clinical samples and
136 research PK samples) towards model training. The range of vancomycin concentrations
was 3.9 to 67.8 µg/mL. Two concentrations were below the limit of quantification and
coded as LLOQ/2 (i.e., 1.5 µg/mL). Observed concentrations vs. time after dose are plotted
in Supplementary Figure S1.

Table S2 displays the model training steps. A two-compartment model best described
the data (AIC 820.5 vs. 879.6 for one-compartment). When evaluating renal function
covariates on vancomycin CL, cystatin C outperformed SCr (AIC difference of −14.6) and
pNGAL (AIC difference of −14.3). Meanwhile, eGFR based on the Hoek equation had a
lower AIC (793.3) compared to eGFR based on the Schwartz equation (807.6) or the full
age spectrum equation (801.5). Incorporation of eGFRHoek or pCysC on CL resulted in
comparable −2 × LL, AIC, and population predicted vs. observed R2 values. We proceeded
with further model training using the eGFRHoek model since clinical dosing guidance is
typically based on a patient’s eGFR rather than a direct biomarker result.

When evaluating the addition of other covariates on CL and V1, numerous covariates,
including urinary biomarkers on CL, improved model fitness based on a reduction in
−2 × LL and AIC (Table S2). However, the incorporation of the uNGAL on CL, param-
eterized as the natural logarithm of uNGAL/uCr, led to the largest −2 × LL and AIC
reductions. The correlation between log uNGAL and eGFRHoek was low (−0.27). No
additional covariates were informative on vancomycin CL or V1; thus, this model consti-
tuted the full model for testing. Observed versus population and individual predicted
concentration plots of the full model are shown in the Supplemental Files (Figure S2), and
the population PK parameter estimates from this model are shown in Table 2.
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Table 2. Population PK parameter estimates for the full PK model.

Parameter
Weighted Parameter Estimate

CV% Shrinkage %
Median 95th Percentile

CL0 3.31 2.53–4.22 39.5 54.7

CLWT 0.75 - -

CLHOEK 0.85 0.22–0.90 62.8 55.6

CLNGAL 0.94 0.86–1.00 10.9 50.5

VC0 3.50 2.72–7.09 49.2 59.5

VC-WT 1 - -

Q0 7.09 4.76–7.97 32.6 60.9

QWT 0.75 - -

VP0 7.75 6.63–13.80 39.0 49.1

VP-WT 1 - -

Full model parameterized as: CL = CL0 · (WT/27)CLWT · (HOEK/134)CLHOEK · (CLNGAL)LNGAL, V1 = VC0 ·
(WT/27)VCWT, Q = Q0 · (WT/27)QWT, V2 = VP0 · (WT/27)VPWT. Hoek is the estimated GFR based on the cystatin
C-based Hoek equation; LNGAL is the natural logarithm of the urinary NGAL concentration normalized to
urinary creatinine (uNGAL/uCr). Abbreviations: CL, clearance; Q, intercompartmental clearance; V1, central
volume; V2, peripheral volume.

3.3. Area under the Curve Comparisons

Twenty subjects comprised the model testing group. These subjects were similar to the
model training group in terms of age, weight, PIM3 scores at PK sampling, timing of PK
sampling, and vancomycin dosages received (Table 1), although they less often received
vasopressors and had higher eGFR at vancomycin initiation. Biomarker concentrations at
the time of PK sampling were also similar between the two groups (Table S3).

The median AUC24 among the 20 subjects calculated using the trapezoidal method and
observed concentrations (AUCobs) was 456 mg h/L (range: 367–885). When using estimated
concentrations from the individual Bayesian posteriors and our full model (AUCfull), the
median AUC24 was 475 mg h/L (range: 327–907). The median bias and imprecision of
AUCfull compared to AUCobs were 2.3% and 6.2%, respectively, and the correlation between
the AUC estimates was 0.939. Meanwhile, 90% of subjects’ AUCfull estimates were with
20% of their AUCobs.

The PK parameter estimates for the two simplified models (based on eGFRHoek and
eGFRSchwartz) are shown in Table S4. The median bias and imprecision of AUCHoek com-
pared to AUCobs were 1.8% and 7.0%, respectively, and the correlation between AUCHoek
and AUCobs was 0.926. The median bias and imprecision of AUCSchwartz compared to
AUCobs were -2.4% and 6.2%, respectively, and the correlation between AUCSchwartz and
AUCobs was 0.893. Additionally, 85% and 95% of subjects’ AUC estimates were with 20%
of their AUCobs using the Hoek and Schwartz models, respectively.

Observed versus individual predicted concentrations (i.e., Bayesian posteriors) for
each of the three models are shown in Figure 2, while Table 3 displays the performance
parameters of these models to estimate AUC24. The optimal sampling times relative to the
end of the infusion for each of the three models are shown in Table S5. When fitting all
available PK samples, the three models performed similarly (with AUCobs as the reference).
However, when fitting the one or two PK samples closest to the MMopt optimal times, the
performance of our full model declined. The imprecision of AUCfull more than doubled
when using one or two PK samples, and fewer subjects’ AUC24 were within 20% of AUCobs.
However, ≥85% of subjects’ AUC24 from the Hoek and Schwartz models were within 20%
of AUCobs when using limited sampling.
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Figure 2. Observed versus posterior (individual) predicted concentrations for the full (A), Hoek (B),
and Schwartz (C) models.

Table 3. Performance of models to estimate AUC24 via Bayesian estimation (AUCmodel) compared to
AUC calculated using observed concentrations (AUCobs) a.

Full Model Hoek Model Schwartz Model
All available PK samples
AUC24, median (range) 475 (325–857) 488 (338–907) 501 (319–710)

Median bias b 2.3% 1.8% −2.4%

Median imprecision c 6.2% 7.0% 6.2%

Number of subjects with AUCmodel within 20%
of AUCobs

18 (90%) 17 (85%) 19 (95%)

Correlation between AUCmodel and AUCobs 0.939 0.926 0.893
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Table 3. Cont.

Full Model Hoek Model Schwartz Model
Two optimally timed PK samples
AUC24, median (range) 487 (316–968) 482 (333–832) 471 (332–714)

Median bias b 2.0% 1.8% −1.2%

Median imprecision c 13.4% 6.0% 6.8%

Number of subjects with AUCmodel within 20%
of AUCobs

15 (75%) 18 (90%) 17 (85%)

Correlation between AUCmodel and AUCobs 0.876 0.928 0.860
Single optimally timed PK sample
AUC24, median (range) 526 (284–968) 523 (283–830) 466 (353–700)

Median bias b 3.7% 2.5% −0.9%

Median imprecision c 13.4% 11.4% 7.0%

Number of subjects with AUCmodel within 20%
of AUCobs

13 (65%) 17 (85%) 17 (85%)

Correlation between AUCmodel and AUCobs 0.817 0.891 0.825
a All model-derived AUC estimates were compared to AUC calculated using the trapezoidal methods on
observed concentrations (AUCobs); median AUCobs: 456 mg h/L, range: 367–885 mg h/L. b Bias calculated as:
(AUCmodel − AUCobs)/AUCobs × 100. c Imprecision calculated as: |AUCmodel − AUCobs|/AUCobs × 100.

4. Discussion

In this population PK study, cystatin C was superior to the traditional renal function
biomarker of serum creatinine as a marker of vancomycin clearance in critically ill children.
This is consistent with other studies that described better correlation between vancomycin
CL and CysC-based eGFR than creatinine-based eGFR in noncritically ill and critically ill
pediatric patients [20,39]. Contrary to our previous work [20], however, we found that eGFR
based on CysC alone (using the Hoek equation) outperformed eGFR based on both CysC
and creatinine (full age spectrum equation). This highlights the inadequacy of creatinine as
a renal function marker in critically ill children and suggests that routine measurement of
CysC when administering vancomycin may be a more reliable approach. As the availability
of cystatin C at pediatric institutions increases, and experience with cystatin C-based eGFR
equations mounts, cystatin C may replace creatinine as the biomarker to inform dosing of
other renally eliminated drugs in pediatrics as well. With increased appreciation of the
negative ramifications of AKI on clinical outcomes, it is crucial to provide safe doses of
nephrotoxic medications such as vancomycin. Given the well-recognized limitations of
creatinine in pediatric patients, particularly in the ICU setting, it may be time to move
towards a better biomarker in our most vulnerable children.

A goal of this work was to explore the potential value of novel urinary biomarkers to
describe vancomycin disposition in critically ill children using a popPK modeling approach.
Since changes in serum creatinine and other blood markers of kidney function may be
delayed in the setting of AKI [40], we hypothesized that urinary biomarkers could facilitate
detection of fluctuations in vancomycin CL before blood biomarkers. In fact, urinary
NGAL was an influential covariate on vancomycin CL during our full model training;
other urinary biomarkers (KIM-1, CysC, osteopontin) also led to large reductions in the
AIC during model training steps, although not to the same extent as NGAL. We believe
that these findings are important and warrant further investigation. Rather than solely
relying on blood biomarkers to signify kidney function, bedside measurement of urinary
biomarkers could provide insight into which patients have subclinical kidney injury (i.e.,
not detected via blood biomarkers) and may require early, pre-emptive dose adjustments.
Although biomarkers did not improve estimation of AUC24 estimation in our testing group,
they could potentially be used as screening tests to identify patients at highest risk for
impaired kidney function and/or toxicity.
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Urinary biomarkers can detect subclinical kidney injury, but the majority of patients
in our study actually had augmented renal clearance (ARC). This phenomenon describes a
state of hyperfiltration and increased drug clearance, which can be detrimental in critically
ill patients with severe infections, and it is unclear how reliable urinary biomarkers are in
that clinical situation. Although the precise definition of ARC in children has been debated,
an eGFR >130 mL/min/1.73 m2 has been utilized in other vancomycin studies [41]. In our
study, half of each of the model training and testing groups had ARC by Hoek equation
calculation. This may explain why our full model failed to outperform the Schwartz and
Hoek model in terms of AUC24 estimation, as urinary biomarkers may not perform as well
in patients with ARC as they do in those with AKI. Similarly, eGFR equations are generally
more accurate in patients with impaired renal function rather than in ARC. Given the small
sample size of our model testing group and limited number of subjects with impaired renal
function, we may have been unable to fully demonstrate the value of novel biomarkers
(both urinary and plasma) when it comes to AUC estimation.

It is also possible that urinary NGAL measurement is not precise enough to substan-
tially influence AUC24 estimation, particularly when using limited PK sampling. Urinary
NGAL ranged from 1.4 to 2809 ng/mg creatinine in the model training group and from
7.8 to 10,034 ng/mg creatinine in the model testing group. Although measurements were
not significantly different between the groups using Wilcoxon rank sum testing, this large
variability in urinary biomarker values may preclude precise AUC estimation at an in-
dividual level using Bayesian methods. While we did not explore utilizing cut-points to
categorize biomarker values (e.g., low, medium, high values), that is a potential avenue for
future investigation.

Another goal of this study was to develop a popPK model that could be used to inform
AUC-based vancomycin dosing using Bayesian estimation and limited sampling. We
utilized a nonparametric popPK modeling approach, which differs from the more widely
used parametric popPK methods in that it assumes that the distribution of parameter
values is not necessarily described by an a priori defined continuous function (e.g., normal
distribution) [42]. As a result, more commonly used statistical measures of variability in
parametric popPK models (e.g., mean, standard deviation, coefficient of variation) may
not fully describe the shape and structure of a nonparametric distribution and, as such,
the idea of typical parameter values and interindividual variability around them does
not apply. However, because nonparametric approaches allow for parameter probability
distributions to take any shape, subpopulations and outliers can be detected, which is
ideal in a popPK study of a highly dynamic population such as critically ill children, and
methods for Bayesian estimation of individual PK parameters are robust. A more thorough
review of nonparametric and parametric popPK approaches has been published [43].

At the time that this study started, AUC estimation was not standard of care. However,
AUC-based dosing is now routine at our institution for anyone receiving >48 h of treat-
ment. Clinical pharmacists implement log-linear methods to calculate AUC based on two
vancomycin concentrations. To provide a distinct advantage over this approach, we felt it
was important to specifically evaluate the utility of our models to inform AUC estimation
based on a single, optimally timed vancomycin measurement. Both the Hoek and Schwartz
models accurately estimated AUC24 (within 20% of AUCNCA) in 85% of subjects from a
single sample with a median bias of 2.5% and −0.9%, respectively. An ongoing, prospective
observational study (NCT05691309) at our institution is evaluating how well Bayesian AUC
using our Hoek model aligns with clinical AUC calculations (using log-linear calculations)
and assessing the ways in which this would influence dosing recommendations.

There are limitations to our study. First, we did not enroll children younger than one
year of age and so our model(s) cannot be applied to infants. Cystatin C values are affected
by age in this group, likely due to renal maturation occurring over the first year of life; thus,
infants were specifically excluded from our study. A recent popPK study in critically ill
neonates found that a model including creatinine on vancomycin CL performed similarly
to a model including cystatin C and age [43]; thus, cystatin C may not be a superior renal
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function biomarker in the neonatal population. Second, because we required that a subject
have at least four PK samples to be included in the model testing group, it is possible that
our process of group assignment introduced bias; hence, the groups were different. We
did not detect any statistically significant differences in the blood or urinary biomarkers
between these groups, which were the covariates included in our models, but it is possible
that other factors not considered covariates during model development in the training
group were influential on vancomycin PK and AUC24 estimation within the smaller model
testing group. Third, recently published data suggest that urine chemistry analytes can be
affected by collection of urine using cotton balls [44]. We are unaware of studies that have
evaluated this for the urinary biomarkers included in our study, but this should be explored
in future studies as urine collection methods could be a potential source of variability
that affect the association between biomarkers and vancomycin clearance. Lastly, urinary
biomarkers are sensitive for detection of AKI and, thus, may fluctuate over time. Although
we collected ≥2 samples per subject, it is possible that changes in biomarker concentrations
occurred outside of the windows of our urine sample collection. Although understanding
the fluctuations of urinary biomarkers in critically ill children would be of interest, the need
to collect urine at very specific times or to collect samples more often would further limit
the clinical applicability of these biomarkers to inform drug dosing.

5. Conclusions

The present study developed a two-compartment model to describe vancomycin
PK in critically ill children. Plasma cystatin C and urinary NGAL were informative on
vancomycin clearance in our full popPK model. However, the full popPK model was
not superior for estimation of Bayesian AUC24 compared to simpler popPK models that
included only cystatin C- or creatinine-based eGFR on clearance. Future studies will
evaluate the utility of our models to inform vancomycin dosing using Bayesian estimation
compared to two-point log-linear regression calculations.
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//www.mdpi.com/article/10.3390/pharmaceutics15051336/s1, Table S1: Goal PK sampling times
relative to end of the vancomycin infusion; Table S2: Model training steps; Table S3: Biomarker
concentrations at time of PK sampling; Table S4: Population PK parameter estimates for the full
model, eGFRHoek model, and eGFRSchwartz; Table S5: Summary of optimal sampling times relative to
the end of the vancomycin infusion among model testing group; Figure S1: Observed concentrations
versus time after dose for the model testing group; Figure S2: Observed versus population and
individual predicted concentration plots of the full model.
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Abstract: Dalbavancin (DBV) is a lipoglycopeptide approved for the treatment of Gram-positive
infections of the skin and skin-associated structures (ABSSSIs). Currently, its off-label use at different
dosages for other infections deserves attention. This work aimed to study the clinical effectiveness
and tolerability of DBV in outpatients with ABSSSIs, osteoarticular (OA), or other infections, treated
with either one or two 1500 mg doses of dalbavancin, for different scheduled periods. A liquid
chromatography–tandem mass spectrometry method was used to measure total DBV concentrations.
PK/PD parameters and the clinical and microbiological features of this cohort were evaluated in
order to investigate the best predictors of treatment success in real-life settings. Of the 76 screened
patients, 41 completed the PK study. Long-term PK was comparable to previous studies and showed
significant differences between genders and dosing schedules. Few adverse events were observed,
and treatment success was achieved in the vast majority of patients. Failure was associated with lower
PK parameters, particularly Cmax. Concluding, we were able to describe DBV PK and predictors
of treatment success in selected infections in this cohort, finding DBV Cmax as a possible candidate
for therapeutic drug-monitoring purposes, as well as highlighting the dual-dose one-week-apart
treatment as the optimal choice for OA infections.

Keywords: dalbavancin; long-acting; Gram-positive; PK/PD; osteoarticular infections

1. Introduction

Dalbavancin (DBV) is a semi-synthetic, novel, long-acting lipoglycopeptide active
against Gram-positive pathogens, including multi-drug resistant isolates, approved for
the treatment of ABSSSIs [1]. Long elimination half-life (around 9–10 days) and good
tissue penetration represent the main pharmacokinetic features of dalbavancin, allowing
for its long-term efficacy despite the simplified weekly administration regimens [2]. This
extremely long half-life is also due to its high percentage of binding to plasma proteins
(mainly albumin), which was described to vary from nearly 98% in rats to 93% in humans.
DBV exhibits peculiar PK/PD properties, with good tissue penetration and a high sus-
ceptibility rate (near 100.0%) [2–7]. The clearance of DBV is not influenced by inhibitors
or inducers of cytochrome P450, and therefore, its potential for drug–drug interaction
involving hepatic metabolism is very low [2]. Furthermore, in an exploratory study, pa-
tient demographic characteristics had minor impacts on the pharmacokinetic profile of
DBV, while females showed slightly higher concentration values, particularly in relation
to body surface area (BSA) and body mass index (BMI) [3]. The ratio between the mean
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free area under the curve and the minimum inhibitory concentration (fAUC/MIC) was
previously proposed as the best PK/PD parameter for its correlation with in vivo efficacy
of DBV [2,3]. The 24 h fAUC/MIC values for net stasis, 1-log kill, and 2-log kill against
Staphylococcus aureus were, respectively, 27.1, 53.3, and 111.1 [8,9]. No DBV dose adjust-
ment is required in mild–moderate renal impairment, any degree of hepatic impairment,
and for different modalities of renal replacement therapy (RRT); nevertheless, evidence in
different modalities of RRT is poor, and the role of hypoalbuminemia still deserves better
understanding [10], while dose reduction is suggested in patients affected by severe renal
impairment. DBV exhibits a potent activity in vitro against the established biofilms due to
Staphylococcus aureus, Staphylococcus epidermidis, and vancomycin-susceptible Enterococci,
thus possibly playing a crucial role in the management of relevant infections characterised
by bacterial biofilm production [11–13]. Nicolau et al. [14] reported a mean dalbavancin
penetration into skin blister fluid of 59.6%, compared with plasma, after a single 1000 mg
infusion, resulting in tissue concentrations well above the MIC90 of common Gram-positive
pathogens implicated in ABSSSIs (including MRSA) for up to 7 days. In another study,
Rappo et al. [15] found that, in 35 healthy subjects receiving a single infusion of 1500 mg
DBV, the penetration into the epithelial-lining fluid was 36%, resulting in DBV lung concen-
trations exceeding the MIC90 of Streptococcus pneumoniae and Staphylococcus aureus for at
least 7 days. Moreover, Dunne et al. [16] found a mean bone/plasma AUC of 13.1%, sug-
gesting that two doses of DBV 1500 mg infusion administered one week apart may provide
tissue exposure over the MIC for Staphylococcus aureus for 8 weeks. These findings were
confirmed in two recent studies involving patients with OA infections [3,8]. Consequently,
these convenient PK/PD properties make DBV a valuable alternative to daily in-hospital
intravenous or daily continuous outpatient antimicrobial regimens in the treatment of
long-term Gram-positive infections, posing the basis for its use beyond approved indica-
tions [4,5]. The DBV PK/PD relationship has been described to be AUC/MIC-dependent,
making the application of TDM particularly difficult. In this scenario, some works sug-
gested alternative analysis methods to the DBV quantification throughout treatment, such
as the evaluation of the bactericidal activity of plasma samples [17], Cmax values as a
proxy of AUC [18], or punctual DBV concentration after 1 month [9]; recently, our group
described DBV AUC over the long term in a small subset of patients with ABSSSIs or
OA infections [3]. Despite all these studies, the definition of optimal PK/PD parameters
with a useful TDM potential is still tricky, particularly considering patients with different
clinical and microbiological features, as well as different dosing and posology. Therefore,
more information is needed about DBV PK/PD and clinical effectiveness in a “real-life”
context, in relation to the infection site and posological differences. The aim of this work
was to better describe DBV PK in real-life settings and to characterise its PK/PD profile, for
both approved and unapproved indications, treated with either a single 1500 mg dose or a
double 1500 mg dose, 1 week, 2 weeks, or 3 weeks apart. Moreover, we aimed to evaluate
the possible role of a TDM-based approach in optimising therapeutic choices, focusing on
the most important PK/PD parameters for DBV, namely Cmax and AUC/MIC, in different
treatment periods. Ultimately, we aimed to link these PK/PD data to clinical outcomes and
monitor the DBV safety profile.

2. Materials and Methods
2.1. Patient Enrolment and DBV Administration

We included patients with Gram-positive infections, with previous therapeutic failure
to other antibiotic regimens or need for consolidation, and eligible for treatment with
DBV, enrolled in the “Appropriatezza Farmacologica della Terapia Anti-Infettiva” (ethical
approval no. 0040388 23 April 2020) clinical study. Patients stopped all their previous
antibiotic therapies and were selected for a single 1500 mg or dual 1500 mg DBV infusion
(1500 mg, 2 doses 1, 2, or 3 weeks apart) based on guidelines, investigator judgment, and
the emerging data from the literature [19–27]. DBV was generally prescribed for patients
who did not significantly benefit from previous therapies, for consolidation purposes, or
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due to intolerance to other therapies; therapy was conducted as an outpatient modality,
also considering the COVID-19 emergency; a therapeutic scheme of two doses one week
apart was recommended mainly in the setting of osteoarticular infections based on the
data from other Italian and international experiences [3,8,19]. DBV preparation and ad-
ministration were performed in this study as per label indications since patients’ selection
and follow-up were in line with the instructions previously followed by our study group
and described in an exploratory study [3]. Drug infusion was intravenously performed for
30 min. The cure was defined as the resolution of symptoms, microbiological cure, or no
evidence of pathology as assessed by radiology techniques when applicable. Conversely,
clinical/microbiological failure was retained if patients required additional antibiotics for
their lack of response, presented new purulence, needed amputation, or died. The body
surface area (BSA) was estimated using the Du Bois formula. Based on DBV administration,
we identified 4 subgroups in relation to the interval that elapsed between the first and
subsequent drug administration: group 1 (1 week apart), group 2 (2 weeks apart), and
group 3 (3 weeks apart); patients receiving a single DBV administration pertain to group 0.

2.2. PK and PD Evaluation

Blood sampling for the PK was performed in a 7 mL lithium/heparin tube using
the following timing schedules, relatively to DBV infusion: 0 h (pre-dose), 0.5 h (end of
infusion), 1 h, 1 week, 2 weeks, 3 weeks, 4 weeks, and then every 2 weeks, up to 6 months.
No specific susceptibility testing was available for the direct determination of DBV MIC;
therefore, surrogate categorisation of susceptibility was performed based on the MIC value
for vancomycin, as previously reported and indicated by the EUCAST and Jones et al. [28].
On this basis, susceptibility to vancomycin (minimal inhibitory concentration, MIC 2 mg/L)
was interpreted as a proxy of DBV MIC lower than 0.125 mg/L (nearly 97% probability
from [28]), the EUCAST-suggested breakpoint for cocci. PK evaluation was performed as
previously described in the literature [3,29], with an analytical kit (KIT-SYSTEM Antibiotics,
CoQua Lab, Torino, Italy). Briefly, 50 µL of sample underwent protein precipitation, with
the addition of isotope-labelled DBV as internal standard, and the diluted supernatants
were analysed via reverse phase ultra-high performance liquid chromatography and tan-
dem mass spectrometry (UHPLC–MS/MS). This method was associated with the mean
bias and imprecision both being lower than 15%, in accordance with the EMA and FDA
guidelines [29–31]. All the AUC data were calculated using a “linear-up/log-down” model
by interpolating the concentration data of each patient, using the Phoenix WinNonlin
software (Certara, Princeton, NJ, USA). The cumulative AUC0–1w/MIC, AUC0–2w/MIC,
and AUC0–4w/MIC values were calculated in this analysis, in order to compare the different
dosing schedules in terms of the overall early systemic exposure, which is supposed to be
the most important for microbiological and clinical success [3,8,9]. Additionally, protein-
binding-adjusted (PBA) AUC/MIC values were calculated by dividing the PK parameters
by the PBA breakpoint MIC 1.786 mg/L (0.125 mg/L/0.07) considering a 93% protein
binding, based on the mean percentage of protein binding in humans, as reported in several
works [2,3,32].

2.3. Statistical Analysis

All statistical analyses were performed through Excel and SPSS 27.0 (IBM Corp,
Armonk, NY, USA). Descriptive data are reported as percentages, median, and interquartile
ranges (IQRs). The correlations between continuous data were evaluated through Pearson’s
correlation tests. Differences between the groups were tested through the Kruskal–Wallis
and Mann–Whitney non-parametric rank tests, and with an ANOVA test.

3. Results
3.1. Population Characteristics

A total of 76 patients were included in the preliminary screening and analysis. Of these,
41 completed the intensive PK study as per the Methods section (see Supplementary Materials).
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The main clinical and demographic characteristics are presented in Table 1, and the main
infection features are presented in Table 2. None of the involved patients was immuno-
compromised. Overall, chronic osteomyelitis was present in five patients. One patient
dropped out because of an alternative diagnosis (tuberculous osteomyelitis). All the pa-
tients received previous antibiotic treatment except three (4%), comprising 52 patients (68%)
with one single therapeutic line, 20 with two lines (26%), and 1 patient with three lines.
The median duration of previous therapies was 28 days (IQR 14–56). Most commonly,
patients were pre-treated with lipopeptides, glycopeptides, and beta-lactams. The reasons
for treatment with DBV were: consolidation (43 patients, 56%), intolerance (2 patients, 3%),
or failure (31, 41%) to other therapies. The majority of our patients (40, 54%) received two
doses, while the remainder received one. The median time to cure after DBV was 56 days
[28–84]. Overall, in terms of the final outcome, 58 patients (82%) were cured, 13 (17%)
failed, and 4 (5%, excluded from the final analysis) were LFU patients, classified as per
described in the Methods section.

Table 1. Overall patients’ characteristics at the baseline.

Overall Intensive PK Study (n = 41)

n = 76 Group 0 (n = 17) Group 1 (n = 9) Group 2 (n = 13) Group 3 (n = 2)

Variable Value (median
[IQR]/%) - - - -

Age (median [IQR]) 60 [50–70.5] 60 [51–73] 67 [48–75] 60 [48–71] 40 [17–40]

Ethnicity: Caucasian
(%) 100% - - - -

Sex: Male (n (%)) 47 [60%] 9 [53] 7 [78] 6 [60] 1 [50]

Albumin (g/L) 43 [40–45] 44 [39–46] 44 [43–46] 43 [42–45] 45 [40–45]

BMI 24.5 [22.2-28.2] 26 [22–31] 20 [22–24] 24 [23–30] 23 [21–23]

BSA 1.7 [1.4–2.2] 1.8 [1.5–2.3] 1.6 [1.2–1.8] 1.9 [1.7–2.2] 1.2 [1–1.3]

eGFR (mL/min) 94.5 [77.3–116.2] 86 [74–104] 91 [79–126] 100 [73–118] 112 [90–113]

AEs: yes 1 1 [6%] - - -

Infection control: yes
(n, (%)) 36 [47%] 10 [60] 3 [30] 10 [80] 1 [50]

Diabetes: yes (n, (%)) 19 [25%] 4 [23] 1 [13] 3 [23] -

Previous therapy: yes
(n, (%)) 73 [96%] 17 [100] 8 [89] 13 [100] 2 [100]

N. therapy lines: 1 (n,
(%));

2: (n, (%)); 3: (n, (%))

52 [75%]; 20 [26]; 1
[1] 12 [67]; 5 [33] 4 [50]; 4 [50] 5 [40]; 8 [60] 1 [50]; 1 [50]

Length of therapy
before DBV (days) 14 [14–35] 14 [14–56] 35 [23–75] 35 [28–105] 35 [14–35]

Reasons for DBV
(n, (%)):

previous failure;
consolidation;

intolerance

31 [41%]; 43 [56];
2 [3] 9 [53]; 8 [47] 5 [55]; 4 [45] 4 [30]; 7 [55]; 2

[15] 1 [50]; 1 [50]
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Table 2. Main clinical and microbiological characteristics and outcomes.

Overall (76) Intensive PK Study (n = 41)

Group 0 (n = 17) Group 1 (n = 9) Group 2 (n = 13) Group 3 (n = 2)

Type of infection
(n, (%))

ABSSSIs: 16 [21]
LVAD: 3 [4]

Endocarditis: 3 [4]
OAs: 54 [71]

Osteomyelitis: 13
[25]

Spondylodiscitis: 8
[15]

Septic arthritis: 5
[11]

PJI: 27 [49]

ABSSSIs: 7
LVAD: 2

Septic Arthritis: 1
Osteomyelitis: 2

Prosthetic
infection: 5

Septic arthritis: 1
Osteomyelitis: 4

Spondylodiscitis: 3
Endocarditis: 1

ABSSSIs: 2
Septic arthritis: 1
Osteomyelitis: 3

Spondylodiscitis: 2
PJI: 5

Spondylodiscitis: 1
PJI: 1

Aetiology (n, (%))

MSSA: 32 [42]
MRSA 23 [30]
MRSE 7 [9.2]
MSSE 2 [2.6]

S. Lugdunensis 1
[1.3]

Streptococcus spp.:
3 [4.1]

MRSA: 4
MSSA: 8
MRSE: 3

MRSA: 3
MSSA: 3
MRSE: 1

S. dysgalactiae: 1

MSSA: 8
MRSA: 4
MSSE: 1

MRSA: 2

Outcome: cure (n,
(%)) 58/71 [82%] 14/17 [82] 9/9 [100] 7/13 [54] 2/2 [100]

Time to cure
(days) 28 [28–56] 14 [14–56] 84 [49–105] 84 [84–112] 28 [28–84]

3.2. Pharmacokinetic Results

Of these 76 screened patients, 41 had a complete PK study, with a median of 7 [5–9.5] PK
evaluations throughout the study. Of these patients, 25 (60%) were male; 17 patients (41.5%)
were included in the one-dose dosing group (3 failed, 14 were cured); 8 patients (19.5%)
were included in the two-dose, one-week-apart dosing group (group 1, no failure, 8 were
cured); 13 patients (31.7%) were included in the two-dose, two-week-apart dosing group
(group 2, 6 failed, 7 were cured); and 2 (4.9%) and 1 (2.4%) patients were included in the
two-dose, three-week- and four-week-apart dosing groups (group 3 and 4, all cured). In
addition, 20 patients (49%) underwent DBV therapy for consolidation purposes, 19 (46%)
for failure, and 2 (5%) because of intolerance to other therapies. Eight patients from this
group (20%) had diabetes, and three (7.3%) had slight renal insufficiency. Twenty-two
(53.7%) underwent infection control procedures. Overall, 32 patients (78%) were cured
at the end of the study period. The median PK parameters of the first dose, the cumu-
lative AUC in the first month of therapy, as well as the protein-binding-adjusted (PBA)
AUC/MIC (PBA AUC/MIC) results, categorised by dosing groups, are presented in Ta-
ble 3 and displayed in Figure 1. Moreover, the curves describing the terminal half-life and
mean PK parameters in each group are displayed in Supplementary Figure S2. Second-dose
AUC0–1w values were 32,810 mg/L·h [31,477–40,392]; 23,391 mg/L·h [21,930–30,780]; and
28,847 mg/L·h [28726–28847] for group 1, 2, or 3, respectively; second-dose AUC0–2w val-
ues were 45,595 mg/L·h [41,210–58,551]; 30,070 mg/L·h [29,183–40,644]; and 36,848 mg/L·h
[36,636–36,848] for these same groups. Second-dose AUC0–3w values were 54,330 mg/L·h
[46,317–68,054]; 40,570 mg/L·h [32,817–48,132]; and 41,124 mg/L·h [41,099–41,124] for
the same groups. A significant positive correlation between Cmax at the first dose and
cumulative AUC0–4w, for both group 0 and group 1 (p = 0.018; p = 0.041), was observed; Cmax
at the second dose for group 1 also significantly correlated with the cumulative AUC0–4w
(p = 0.039). Moreover, Cmax at the first dose in group 1 was significantly correlated with
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AUC0–1w (p = 0.015). The latter variable showed a significant positive correlation with
cumulative AUC0–4w for that group (p = 0.043).

Table 3. Main PK and PK/PD characteristics, by dosing group, including protein-binding-adjusted
(PBA) parameters. -: not applicable.

Intensive PK Study

Variable Overall Group 0 Group 1 Group 2 Group 3

Cmax I dose
(mg/L)

342.8
[290.5–424.0]

419.6
[306.8–477.0]

347.0
[292.4–479.2]

323.3
[305.8–385.4]

383.8
[335.5–383.8]

Cmax II dose
(mg/L)

379.5
[321.3–448.8]

420.6
[380.6–469.8]

337.0
[290.7–424.0]

432.440
[372.2–432.4]

AUC0–1w (mg/L·h) - 26,693
[20,842–28,630]

25,623
[23,335–28,347]

23,924
[20,685–26,501]

28,489
[25,573–28,489]

AUC0–2w (mg/L·h) - 34,168
[25,336–37,301] - 31,686

[26,281–33,914]
35,912

[32,891–35,912]

AUC0–3w (mg/L·h) - 39,270
[28,876–43,971] = - - 39,985

[37,045–39,985]

Cumul.AUC0–4w
(mg/L·h) - 41,681

[32,055–48,180]
79,486

[71,849–95,210]
62,432

[55,860–74,010]
68,835

[66,005–68,835]

PBA
AUC0–1w/MIC - 14,946

[11,670–16,030]
14,341

[13,065–15,872]
13,395

[11,582–14,838]
15,951

[14,318–15,951]

PBA
AUC0–2w/MIC - - - 17,741

[14,715–18,989]
20,107

[18,416–20,107]

PBA
AUC0–3w/MIC - - - - 22,388

[20,741–22,388]

PBA Cu-
mul.AUC0–4w/MIC

(mg/L·h)
- 23,338

[17,948–26,976]
44,505

[40,229–53,309]
34,956

[31,277–41,439]
38,541

[36,957–38,541]

Terminal half-life - 508 633 413 437
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Cumulative AUC0–4w of treatment was significantly higher for group 1, compared with all the other
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A significant positive correlation between Cmax at the first dose and cumulative
AUC0–4w, for both group 0 and group 1 (p = 0.018; p = 0.041), was observed; Cmax at the
second dose for group 1 also significantly correlated with cumulative AUC0–4w (p = 0.039).
Moreover, Cmax at the first dose in group 1 was significantly correlated with AUC0–1w
(p = 0.015). The latter variable showed a significant positive correlation with cumulative
AUC0–4w for that group (p = 0.043).

We performed the Kruskal–Wallis and Mann–Whitney non-parametric tests and found
that the cumulative AUC0–4w of treatment was significantly higher for group 1, compared
with all the other dosing groups (p < 0.001; Figure 1). Moreover, at the second dose, group 1
also showed a significantly higher Cmax than group 2 (p = 0.05; Table 3).

3.3. Association between DBV PK and Treatment Outcomes

Among all the PK parameters which were tested for their associations with treat-
ment outcome, Cmax at the first dose, AUC0–1w, and cumulative AUC0–4w all resulted in
higher values in cured patients, although these differences were not statistically significant
(p = 0.114, 0.063 and 0.324, respectively; Figure 2). Concurrently, the highest efficacy was
highlighted in group 1, especially when compared with the other groups, with a solid trend
toward significance (p = 0.053, cured vs. not cured). The same PK parameters were tested
for their associations with treatment outcome, further stratifying groups by infection site.
When analysing ABSSSIs, no significant association was observed. For all the other indica-
tions, PK parameters appeared slightly reduced but without reaching statistical significance.
This stratified analysis was not applicable to LVAD, because all three patients failed, nor
did it apply to intravascular infections and spondylodiscitis, as all patients were cured at
the end of the study period.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 7 of 13 
 

 

Cmax at the first dose in group 1 was significantly correlated with AUC0–1w (p = 0.015). The 
latter variable showed a significant positive correlation with cumulative AUC0–4w for that 
group (p = 0.043). 

We performed the Kruskal–Wallis and Mann–Whitney non-parametric tests and 
found that the cumulative AUC0–4w of treatment was significantly higher for group 1, 
compared with all the other dosing groups (p < 0.001; Figure 1). Moreover, at the second 
dose, group 1 also showed a significantly higher Cmax than group 2 (p = 0.05; Table 3).  

3.3. Association between DBV PK and Treatment Outcomes 
Among all the PK parameters which were tested for their associations with treatment 

outcome, Cmax at the first dose, AUC0–1w, and cumulative AUC0–4w all resulted in higher 
values in cured patients, although these differences were not statistically significant (p = 
0.114, 0.063 and 0.324, respectively; Figure 2). Concurrently, the highest efficacy was 
highlighted in group 1, especially when compared with the other groups, with a solid trend 
toward significance (p = 0.053, cured vs. not cured). The same PK parameters were tested 
for their associations with treatment outcome, further stratifying groups by infection site. 
When analysing ABSSSIs, no significant association was observed. For all the other 
indications, PK parameters appeared slightly reduced but without reaching statistical 
significance. This stratified analysis was not applicable to LVAD, because all three 
patients failed, nor did it apply to intravascular infections and spondylodiscitis, as all 
patients were cured at the end of the study period. 

 
Figure 2. (A–C) distribution of DBV Cmax after the first infusion, AUC0–1w, cumulative AUC0–4w, and 
DBV levels with regard to outcomes. Among all the PK parameters which were tested for their 
associations with treatment outcome, Cmax at the first dose, AUC0–1w, and cumulative AUC0–4w all 
resulted in higher values in cured patients, although these differences were not statistically 
significant.  

When stratifying this analysis by reasons for treatment with DBV (previous failure, 
intolerance, or consolidation) and site of infection, no significant difference was observed 
in patients with ABSSSIs, while for all the other indications, a significantly higher value 
for Cmax after the first infusion was associated with treatment success for patients treated 
for consolidation purposes (p = 0.04) but not when patients were selected for therapy with 
DBV because of previous failure or intolerance (p = 0.214, Figure 3).  

Figure 2. (A–C) distribution of DBV Cmax after the first infusion, AUC0–1w, cumulative AUC0–4w,
and DBV levels with regard to outcomes. Among all the PK parameters which were tested for their
associations with treatment outcome, Cmax at the first dose, AUC0–1w, and cumulative AUC0–4w all
resulted in higher values in cured patients, although these differences were not statistically significant.

When stratifying this analysis by reasons for treatment with DBV (previous failure,
intolerance, or consolidation) and site of infection, no significant difference was observed
in patients with ABSSSIs, while for all the other indications, a significantly higher value
for Cmax after the first infusion was associated with treatment success for patients treated
for consolidation purposes (p = 0.04) but not when patients were selected for therapy with
DBV because of previous failure or intolerance (p = 0.214, Figure 3).
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Figure 3. Differences in DBV levels between patient groups based on the reason for using DBV with
regard to previous treatments and the outcome of therapy with DBV.

3.4. Correlations of DBV PK Parameters with Patient Characteristics

Overall, albumin was inversely correlated with the cumulative AUC0–4w (p = 0.047).
BSA was significantly and negatively correlated with AUC0–1w at the first dose, Cmax at the
second dose, and the cumulative AUC0–4w, (p = 0.006, 0.002, and 0.004, respectively). Cmax
at the first dose showed only a trend towards a correlation with BSA (p = 0.091). No other
significant correlations were found between eGFR, albumin, or other variables and DBV
PK parameters. The Mann–Whitney test was applied relative to PK variables and gender
in the whole cohort who underwent the PK study: Significant differences were found for
Cmax at the first dose and AUC0–1w values with regard to gender, resulting in higher values
for both variables in female patients (p < 0.001). Gender differences in PK parameters are
depicted in Figure 4. These differences were clearly explainable by a difference in BSA,
which was also significantly different between genders (p = 0.002). Nevertheless, these
differences did not result in significant differences in outcome (p = 0.380), probably due to
the small sample size and the low number of failures.

3.5. Predictors of Failure to DBV

In the overall population of 71 patients, in the context of off-label indications (OA
and vascular infections), patients’ results were more likely to indicate failure to DBV if
they were treated for failure to previous regimens (p = 0.036) and when treated for LVAD
infections (p = 0.007). While no significant PK predictors of treatment success were observed
in patients with failure to previous treatments, in the group of patients who were treated
for consolidation purposes, failure was related to significantly lower DBV Cmax at the first
dose (p = 0.04), with a possible utility for future TDM purposes. For this reason, a ROC
curve for Cmax after the first dose was calculated with the aim to identify a threshold value
capable to identify patients at risk for failure. From this analysis, the identified value was
313 mg/L, with the potential to identify patients prone to failure, with a sensitivity of 100%
and a specificity of 78% (p = 0.035).
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3.6. Testing Late PK Thresholds

In previous works, based on the PK/PD target attainment of an AUC/MIC ratio
over 24 h after 1 month of treatment, two putative punctual threshold values were pro-
posed for TDM purposes, 4 or 8 mg/L (in case of bacterial MIC of 0.062 or 0.125 mg/L,
respectively) [8,9]. Considering these values, 7/41 and only 1/41 patients resulted be-
low the 8 mg/L and 4 mg/L thresholds in our cohort, respectively. The latter patient
experienced treatment failure. On the other hand, among patients with concentration
values over the proposed 8 mg/L threshold, eight failed, while six patients with DBV
concentrations below the 8 mg/L cut-off achieved treatment success. Finally, there was no
statistically significant difference between DBV concentrations at week 4 with regard to
outcome (p = 0.389).

4. Discussion

In this work, we described the PK variability and clinical performance of DBV in its
real-life use, taking into account its different posology for the treatment of OA infections,
ABSSSIs, and intravascular/bloodstream infections. These data were analysed for associa-
tions and/or correlations with the demographical, anthropometrical, microbiological, and
clinical features of each patient; more importantly, we analysed the relationship between
DBV PK and therapeutic outcome. The results of the observed PK and clinical data were
concordant with previous studies [3,8,27]. Our cohort is representative of a third-level
referral hub since the enrolled patients had frequently a complicated clinical history related
to the management of their infections, usually with failure to one or more therapeutic
approaches (multi-failed/experienced patients). Additionally, a considerable number of
microbiological isolates were resistant to common first-line agents (MRSA, MRSE). Con-
sidering this setting, our results are extremely encouraging, showing an 82% cure rate,
confirming the high efficacy of DBV even for its off-label alternative indications. This
success is remarkable also in view of the high prevalence of comorbidities, in particular
diabetes (25%). The overall propensity to the adoption of source control/surgery (47%
in this cohort) is noteworthy in these contexts, highlighting the importance of surgery
in complicated infections and the advantages of a combined approach. Unfortunately,
our centre lacks a joint collaboration with orthopaedicians, a factor that would possibly
improve the infection control tendency and outcomes. Generally speaking, few patients
were lost to follow-up, and time-to-cure for patients was in line with what is expected for
the infections described in this study. Cumulative exposure to DBV in the first month of
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treatment (the most critical period to achieve bacterial eradication at the site of infection)
revealed different results in patients in different exposure groups (close versus delayed
re-administration). PK variables seemed generally higher in cured patients, although the
low number of failures and variability in the clinical features of these patients led to low
statistical significance. Interestingly, a context in which our molecule performed worse
was the LVAD infection, for which no data are available in the literature, and in which
classic long-term suppressive strategies or bridge therapies remain the treatment of choice;
nevertheless, there is not an easy explanation for this phenomenon. This topic deserves
a dedicated investigation in the future. On the other hand, no failures were observed for
intravascular infections. The most satisfactory results from the off-label use of DBV were
derived from the OA setting, with an overall 83% rate (45/54 patients), confirming the
excellent suitability of DBV in this context, as already suggested in previous works [21–27].
In particular, no patient failed when treated for spondylodiscitis, and the percentages of
failure were low in other OA indications. From a PK/PD perspective, the Cmax measured
at the end of the first infusion appeared to be the best PK predictor of clinical success,
showing similar performance with AUC parameters, particularly in patients treated for
consolidation purposes. The Cmax was, in turn, found to be significantly different between
genders and negatively correlated with BSA. Taken together, these results suggest that
the therapeutic schedule for DBV could be optimised based on gender differences and
anthropometric features. Specifically, the dual-dose one-week-apart schedule (group 1)
showed both a higher proportion of treatment success, as well as a higher Cmax value at the
second administration and significantly higher cumulative AUC in the first month. In terms
of the capability to predict treatment failure/success, we observed significant differences in
terms of Cmax between patients who failed in treatment for consolidation purposes (partial
response to previous treatments) and those who were cured: In this context, it was possible
to identify a putative cutoff value for Cmax at the first dose of 313 mg/L, which could be
predicted with good sensitivity and specificity. It is noteworthy that failures in this context
happened at lower concentrations than for other subgroups (e.g., in patients with previ-
ous failures to other treatments), highlighting the cut-off value of 313 mg/L as a general
threshold level for risk of failures, also in other contexts. These results provide useful
information for a possible “fast-track” TDM use since the significant correlation between
Cmax and outcome suggests the possibility of using it as a proxy for early PK exposure and
for the prediction of success/failure [33]. On the other hand, some previously proposed
candidate markers for TDM use, such as DBV concentration after 1 month of treatment,
seemed to be unrelated to the outcomes in our cohort [8,9]. Together, these observations
suggest that, despite its long-acting activity, the clinical effectiveness of DBV seems greatly
dependent on early exposure in the first weeks of treatment, highlighting the concept
of a concentration-dependent primal effect for that molecule. It may be speculated that
higher concentrations and early exposure are needed in order to reach the pharmacological
sanctuaries of infection, where metabolically slow bacteria can proliferate due to being pro-
tected by biofilm, creating a pabulum for resistance, infection persistence, and incomplete
cure. More data from tissues (e.g., bone and bone marrow) and intracellular (PBMCs), for
which collection and measurements are challenging, may clarify these points. Importantly,
additional help may come from combination therapy, the use of which still remains to
be evaluated in prospective comparative studies [34–36]. To summarise, in our cohort,
failures seemed to be more ascribable to worst infection characteristics (sanctuary site, lack
of previous infection control/surgery, chronic infection, and comorbidities) than to PK un-
derexposure, except for lower Cmax when indicated for defined purposes. In this direction,
we can state that DBV is not a magic bullet but certainly a game-changing molecule in the
treatment of complicated Gram-positive infections. This is of much importance, especially
for comorbid patients and those with multiple treatment failures who may be exposed to
unnecessary infectious risks. Other advantages presented in different works [4,5] which
we could not confirm due to the nature of our study pertain to the pharmacoeconomic
role of this antibiotic. Other limitations of our study pertain to the generalisability of our
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observations, inherent to the study design, specifically because of the lack of a prospective
a priori randomised controlled schedule and the relatively low number of enrolled patients.
Additionally, population modeling based on a larger population would be beneficial in
predicting DBV PK parameters, and adding specific testing procedures for DBV MIC would
yield additional predictive value both to the Cmax/MIC and AUC/MIC parameters. In
the future, due to its microbiological and PK/PD features, it is possible to consider DBV
as a first-line treatment strategy in certain indications rather than as a consolidation or
step-down one [4,5,32].

5. Conclusions

In this work, we were able to show the real-life characteristics of DBV, especially
PK/PD features, in terms of their correlations with anthropometric characteristics and
clinical success. The high effectiveness of DBV was confirmed in a real-life cohort of
treatment-experienced patients, allowing a more complete understanding of complicated
OA infections. The identification of an extremely early marker as the Cmax after the first
infusion as a predictor of treatment failure could be useful for future TDM purposes.
Further studies with larger and more homogeneous cohorts are needed in order to identify
precise and dedicated threshold levels for DBV for each treatment indication. Finally,
the observed gender-based and BSA-related differences in DBV exposure suggest the
consideration of these factors for treatment optimisation.
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Abstract: Background: An external evaluation is crucial before clinical applications; however, only a
few gentamicin population pharmacokinetic (PopPK) models for critically ill patients included it in
the model development. In this study, we aimed to evaluate gentamicin PopPK models developed
for critically ill patients. Methods: The evaluated models were selected following a literature review
on aminoglycoside PopPK models for critically ill patients. The data of patients were retrospectively
collected from two Quebec hospitals, the external evaluation and model re-estimation were performed
with NONMEM® (v7.5) and the population bias and imprecisions were estimated. Dosing regimens
were simulated using the best performing model. Results: From the datasets of 39 and 48 patients
from the two Quebec hospitals, none of the evaluated models presented acceptable values for bias
and imprecision. Following model re-estimations, all models showed an acceptable predictive
performance. An a priori dosing nomogram was developed with the best performing re-estimated
model and was consistent based on recommended dosing regimens. Conclusion: Due to the poor
predictive performance during the external evaluations, the latter must be prioritized during model
development. Model re-estimation may be an alternative to developing a new model, especially
when most known models display similar covariates.

Keywords: gentamicin; population pharmacokinetic modeling; external evaluation; model re-estimation;
dosing nomogram

1. Introduction

Gentamicin is a broad-spectrum antibiotic from the aminoglycoside family mostly
used against life-threatening infections due to suspected Gram-negative bacteria [1,2]. The
antimicrobial activity of gentamicin, along with other aminoglycosides, is concentration-
dependent; therefore, its efficacy is based on the peak serum level (Cmax) or the area
under the concentration curve (AUC) related to the minimal inhibitory concentration
(MIC) [3]. Moreover, due to the known potential ototoxicity and nephrotoxicity caused
by aminoglycoside administration, therapeutic drug monitoring (TDM) is essential to
achieve pharmacokinetic/pharmacodynamic (PK/PD) targets whilst minimizing toxic-
ity. Considering the narrow therapeutic index of aminoglycosides, the administration of
aminoglycosides has slowly shifted from a multiple daily dose (MDD) to a once-daily
dose (ODD) throughout the years. The latter, also known as extended-interval dosing, has
shown better signs of minimizing toxicity whilst also maintaining efficacy endpoints [4,5].
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These PK/PD endpoints may be more difficult to attain in several frail populations such
as critically ill patients. Due to their severe pathophysiological changes, standard dosing
regimens may lead to inadequate concentrations and clinical outcomes. Therefore, the
implementation of TDM based on population pharmacokinetic (PopPK) models in a clinical
routine for critically ill patients should be prioritized, especially considering their high
mortality rates [6].

In order to better understand aminoglycoside pharmacokinetics and the optimization
of drug administration in critically ill patients, multiple PopPK models for gentamicin
have been developed throughout the years [7]. Most of them did not include an external
evaluation during the model development. An external evaluation, one of the most robust
validation methods and a key step before the clinical application, consists of using an
independent population within the final model to assess the accuracy and reproducibility
of predicting the antimicrobial concentrations and clinical outcomes [8].

The primary objectives of this study were to evaluate previously published gentamicin
PopPK models within a population of critically ill patients and to determine their predictive
performances in order to use them during TDM in clinical settings. The subsequent
objective was to determine the best performing model dosing regimens with simulations.

2. Materials and Methods
2.1. Patients

The medical records of adult ICU patients admitted to the Hôpital Sacré-Cœur de
Montréal (HSCM) between 2009 and 2019 or the Institut universitaire de cardiologie et
pneumologie de Québec (IUCPQ) between 2014 and 2020 and who received at least 1 dose
of gentamicin and 1 serum concentration were retrospectively reviewed. Multicenter
ethics approval was obtained from the Comité d’Éthique du CIUSSS-du-Nord-de-l’Île-de-
Montréal (CERC-19-073-R (1) and HSCM: MP-32-2020-1904).

Data extraction from the medical records included age, sex, serum creatinine, body
weight, gentamicin dose administered, gentamicin serum concentrations and infusion time
dates as well as the times of all doses and concentrations, concomitant medications, medical
history and admission diagnoses. Creatinine clearance based on Cockcroft–Gault (CLCG)
and the glomerular filtration rate (eGFR) were estimated based on the closest time of the
serum creatinine measurement according to the respective equations [9,10]:

eGFR (mL/min) = 186.3 × (Scr/88.4)(−1.154) × Age(−0.203) × (1.212 if black) × (0.742 if female) (1)

CrCl (mL/min) = ((140 − Age) × Body weight (kg) × 1.23 × (0.85 if female))/Scr (2)

2.2. Published Models

A literature review of aminoglycoside PopPK models for critically ill patients was
previously performed. In this current study, we only aimed to externally evaluate the
gentamicin PopPK models; therefore, all gentamicin PopPK models that were developed
using non-linear mixed effect modeling (NONMEM) software were included in the external
evaluation. Models were excluded if information on the pharmacokinetic equations of the
models was missing in the respective article.

2.3. Model Evaluation

The external evaluation was conducted using NONMEM® (version 7.5: ICON Devel-
opment Solutions, Ellicott City, MD, USA) and the plots were designed using R version
4.0.4. The evaluation was performed by combining both datasets (HSCM and IUCPQ).

The retained PopPK models were described based on the formulas and PK parameters
reported from the final model for each publication. If a required covariate was not available
within the datasets, it was assigned with the typical value of the model. No additional fitting
was used during the external evaluation (the option in NONMEM was set to MAXEVAL = 0).
The global fit of the PopPK models was also assessed with goodness-of-fit (GOF) plots of the
predicted concentrations versus the observed concentrations. The predictive performance
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of the models was evaluated with the prediction error (PE) determined by the following
equation:

PE (%) = (C(pred,i) − C(obs,i))/C(obs,i) × 100% (3)

where Cpred and Cobs correspond with the ith predicted concentration by the model and the
observed concentration, respectively [11]. To quantify the bias and inaccuracy, the median
prediction error (MDPE) and median absolute prediction error (MADPE) were used with
the following equations:

• Bias: MDPEi (%) = median (PEij, j = 1, . . . , Ni)
• Inacurracy: MADPEi (%) = median (|PEij|, j = 1, . . . , Ni)

In order to be considered unbiased, the MDPE should be between −20 and 20%
whereas to be considered accurate, the MADPE value should be ≤ 30% [12]. Finally, we
used a normalized prediction distribution error (NPDE) analysis as a strategy to establish
the overall fit of the PopPK model with the independent databases.

2.4. Model Re-Estimation

In the instance of an inadequate predictive performance of the models following an
external evaluation based on the abovementioned criteria, the PK parameters and interindi-
vidual variability were re-estimated by NONMEM using the combined datasets of HSCM
and IUCPQ. The re-estimated parameters were compared with the original values and the
overall fit of the GOF plots. Normalized prediction distribution errors (NPDEs) as well as
the corresponding statistical tests for normal distribution and homogeneity of variance and
bootstraps were also assessed. If the re-estimated models were successfully minimized, the
population and individual bias and imprecision were calculated and compared.

2.5. Simulations of Cmax/MIC > 8–10 and Cmin < 1 or 0.5 mg/L Following a Third Dose

Considering that the clinical efficacy of gentamicin as well as other aminoglycosides
is based on Cmax/MIC, the prediction of peak concentration following the third dose
was assessed (Cmax,3rd) using different dosing regimens for the best performing PopPK
model. The pre-dose concentration before the fourth was also examined. These simulated
PK/PD endpoints were obtained based on the covariates of the patients only (a priori
prediction). The evaluation of these simulated concentrations was only completed with the
best performing PopPK model in terms of the overall predictive performance (GOF plots,
MDPE and MADPE).

3. Results

The medical records of 48 and 39 ICU patients from IUCPQ and HSCM, respectively,
were retrieved for this study. Table 1 describes the demographic characteristics of both
populations, separately and altogether. The only demographic characteristics that were sta-
tistically different between both institutions were sex and serum creatinine (Scr). Moreover,
the total daily dose at HSCM appeared to be higher and more variable than at IUCPQ. In
fact, IUCPQ mostly generalized their care toward people with cardiopulmonary diseases;
therefore, the majority of the patients from IUCPQ included in this study suffered from
endocarditis whereas the patients from HSCM suffered a variety of conditions mostly
leading to sepsis.
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Table 1. Demographic characteristics of the patients in the evaluated models and the external
validation datasets.

Characteristics Rea et al. [13] Bos et al. [14] Hodiamont
et al. [15]

Hodiamont
et al. [16] HSCM IUCPQ Combined

Population type Critically ill
patients

Critically ill
non-ICU
sub-Saharan
African adult
patients

Critically ill
patients on or
off CVVH

Critically ill
patients

Critically ill
patients

Mostly en-
docarditis
patients in
ICU

Critically ill
and endo-
carditis
patients

Number of
patients (N) 102 48 44 59 39 48 87

M/F 45/57 24/24 20/24 29/30 18/21 36/12 54/33

Age (years) 61.4 ± 16.4 40.0
(20–86)

61.0
(20–78) 60.9 ± 17.2 60.3 ± 19.2 58.7 ± 16.9 59.4 ± 17.9

Weight (kg) 81.4 ± 30.3 51.0
(33–76)

70.5
(42.0–116) 79.2 ± 22.0 79.4 ± 20.5 80.5 ± 22.4 80.0 ± 21.5

Serum creatinine
(µmol/L) 194.5 ± 168 76.0

(37–1192)
115.0
(36–1719) - 93.2 ± 91.4 99.9 ± 34.8 96.9 ± 66.0

CrCl (mL/min) - 74.0
(4–155)

54.9
(4.0–150) - 99.8 ± 60.6 86.0 ± 36.4 92.2 ± 48.9

eGFR (mL/min) 48.1 ± 26.5 - - - 73.5 ± 21.0 90.1 ± 39.9 80.9 ± 31.9

Albumin (g/L) - 29
(13–40)

21.5
(10–36) - - 29.0 ± 5.6 29.0 ± 5.6

Total daily dose
(mg/kg) - - - - 2.9 ± 0.9 2.0 ± 0.7 2.4 ± 1.1

The values are presented as median (range) or mean ± SD. CrCl: creatinine clearance; CVVH: continuous
venovenous hemofiltration; eGFR: estimated glomerular filtration rate; HSCM: Hôpital du Sacré-Cœur de
Montréal; IUCPQ: Institut universitaire de cardiologie et pneumologie de Québec; M/F: male/female; N: number.
-: Not available

From our literature review of gentamicin PopPK models, eleven models were screened
for inclusion [7]. Amongst them, seven were excluded due to a lack of information or if the
models were not developed with NONMEM (n = 7). Therefore, the predictive performance
of four models was evaluated [13–16]. The demographic characteristics are presented in
Table 1. The pharmacokinetic equations of the four evaluated models are presented in
Table S1. Half of them used mono-compartment models whereas the other half used bi-
compartment models [13–16]. The covariates used were varied, with the use of glomerular
filtration in one study, CrCl in another study, the covariates related to weight in two studies
and albumin in one study. Gentamicin CL and the total volume of distribution ranged
between 1.15 and 5.7 L/h and 19 and 54 L, respectively (Table S1).

The results presented in this article were from an external evaluation using combined
datasets from HSCM and IUCPQ. The external evaluations were performed separately
for each institution and obtained comparable results. The population-predicted versus
the observed concentrations are presented in Figure S1 for each evaluated model. The
models from Bos et al. and Hodiamont et al. appeared to underpredict the observed
concentrations [14,16] whereas the models from Rea et al. and Hodiamont et al. tended
to overpredict the observed concentrations from the validated dataset [13,15]. Following
the external evaluation, the population bias and imprecision values ranged between −44.0
and 66.1% and 47.8 and 69.9%, respectively. The bias and imprecision values improved
when individual characteristics were taken into consideration, with values ranging between
−18.0 and 10.1% and 18.0 and 27.1%, respectively.

As presented in Table 2, all four models evaluated did not respect the targeted ranges
for population bias (±20%) and imprecision (≤30%) [12]. These models were, therefore,
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re-estimated in NONMEM with the combined datasets of HSCM and IUCPQ. The PK
parameter coefficients in their respective PK equations are presented in Tables S1 and S2
for the external evaluation and the re-estimation, respectively. The typical PK parameters
considered during the external evaluation and the re-estimated typical PK parameters as
well as their respective interindividual variability are presented in Table S3.

Upon the model re-estimation, the difference between the new PK parameter values
and the respective original values was generally greater for the mono-compartmental
models [13,14] than for the bi-compartmental models [15,16]. For the model of Rea et al.,
the typical re-estimated gentamicin clearance was around 50% greater than its original
value used in the external evaluation whereas the re-estimated volume of distribution was
half its original value [13]. For the model of Bos et al., the typical re-estimated gentamicin
clearance was slightly lower than its original value whereas the re-estimated volume of
distribution was slightly higher than its original value. For the first model of Hodiamont
et al. [15], both the gentamicin clearance and total volume of distribution were higher
following the re-estimation compared with the original values. For the second model of
Hodiamont et al. [16], both the gentamicin clearance and total volume of distribution were
lower following the re-estimation compared with the original values.

The interindividual variability appeared to be generally lower with the re-estimated
PopPK models. All models were successfully minimized; the population and individ-
ual bias and imprecision from these re-estimated models are presented in Table 2. The
population-predicted versus the observed concentrations are presented in Figure 1 for
each re-estimated model. Following the model re-estimation, the population-predicted
concentrations drastically improved for each model compared with its own counterpart
during the external evaluation.

Only the re-estimated model of Rea et al. was able to adequately predict the observed
concentrations with an acceptable population bias and imprecision. Although the re-estimated
model of Bos et al. had a population imprecision of 30.1%, its individual imprecision increased
following the re-estimation from 18.0% to 20.4%. Therefore, the re-estimated model from Rea
et al. was deemed to be the best performing model and was used for the therapeutic target
simulations. The normalized prediction distribution errors (NPDEs) were also compared
between the original and re-estimated PK parameters, as shown in Figure S2. For the original
model, the statistical test results showed a normal distribution (t-test of 0.507), but a hetero-
geneity of variance (Fisher of <0.001). Although the statistical tests showed a non-normal
distribution (t-test of 0.0371) and heterogeneity of variance (Fisher of 0.0495), the graphical
representations of the NPDE (Q-Q plot and histogram) showed a better distribution and the
bootstraps results were adequate (Table S4).

Both therapeutic targets (Cmax,3rddose and pre-dose before the fourth administration)
were simulated for several dosing regimens (MDD and ODD). The simulations were based
on two different efficacy targets: Cmax/MIC > 8 (Table S5) and Cmax/MIC > 10 (Table S6).
Figure 2 presents the probability of target attainment (PTA) based on the MIC values
and the dosing regimen used. Table S5 presents the same PTA, but displayed by total
dose given per day for Cmax/MIC > 8. Figure S3 displays the percentage for the pre-dose
concentrations before the fourth administration below 1 mg/L or 0.5 mg/L. Similarly, Table
S7 presents the same percentage, but displayed by dosing regimen.

For each of the eight simulated doses given per day (3 to 12 mg/kg/day), the once-
daily dosing regimen was the best dosage in order to maximize the probability of target
attainment for all MIC values compared with the multiple daily dosing regimen (twice or
thrice daily). Similarly, for the pre-dose concentrations before the fourth administration, a
higher dosing interval led to a higher probability of respecting the toxicity targets.
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Table 2. Prediction error following external evaluation of the PopPK models.

Model

Population Individual Population
(Re-Estimation)

Individual
(Re-Estimation)

MDPE
(%)

MADPE
(%)

MDPE
(%)

MADPE
(%)

MDPE
(%)

MADPE
(%)

MDPE
(%)

MADPE
(%)

Rea et al. [13] 44.2 54.1 −18.0 27.1 2.14 28.1 −5.19 19.0
Bos et al. [14] −44.0 47.8 −3.29 18.0 2.00 30.1 0.09 20.4
Hodiamont et al. [15] 66.1 69.9 10.1 24.0 2.20 36.9 −4.01 21.3
Hodiamont et al. [16] −31.7 48.8 −14.7 26.8 6.03 39.2 −6.42 18.6

MDPE: median prediction error; MADPE: median absolute prediction error.
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For severe infections, as per the latest MIC breakpoints from the United States Com-
mittee on Antimicrobial Susceptibility Testing (USCAST) and the European Committee on
Antimicrobial Susceptibility Testing (EUCAST), Staphylococcus spp., Pseudomonas spp. and
Enterococcus spp. present MIC values ranging from 1 to 2 mg/L. Considering these actual
MIC values, only dosing regimens greater than 5 mg/kg/day had a greater PTA of 90% for
an MIC value of 1 mg/L. Although these dosing regimens should reach efficacy targets of
Cmax/MIC > 8, toxicity targets should be cautiously monitored. Around 50% and 64.4% of
the patients presented Ctrough before the fourth administration greater than 1 mg/L with a
dosing regimen of 5 mg/kg/day and 12 mg/kg/day, respectively (Table S7). Simulations
of Ctrough before the fourth administration for multiple daily dosing regimens (twice and
thrice daily) led to poor percentages of target attainment.

4. Discussions

In the past decades, multiple PopPK models of gentamicin for critically ill patients
have been developed [7]. In this current study, we evaluated the predictive performance of
four models using an independent dataset with medical records from two hospitals [13–16].
The model appropriateness was evaluated based on an integrative assessment of several
markers such as bias, imprecision and GOF plots. Based on the population bias and impreci-
sion values, all four models were not within the predefined values, thereby suggesting that
all four models are not directly transferable to a clinical application. Moreover, based on
the observed versus the predicted concentrations from the models, the four models showed
greater under- or overpredictions of the observed gentamicin concentrations. The underpre-
diction and overprediction of actual therapeutic drug monitoring concentrations can result
in a misinterpretation of efficacy and toxicity targets, respectively. This poor population
prediction may have been due to the differences in the demographic characteristics and
clinical conditions from the respective population of the models and the Quebec population.
However, the individual prediction performance, as shown in Table 2, improved enough to
be within an acceptable range, suggesting that the use of all four models may be feasible in
a posteriori dosing adaptation.

If the evaluated models showed a poor predictive performance with our population,
two options were considered: to develop a PopPK model with our database or to simply
adjust the pre-existing models. Considering that the evaluated models included covariates
that were available within our population, we opted for a re-estimation of these models. The
latter method was expected to improve the predictive performance due to the adaptation
of the PK parameters of each model based on our population.

Due to the differences in our population compared with the respective populations
of each model, the PK parameter estimates varied following the model re-estimation. For
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instance, a typical clearance value of the re-estimated model from Rea et al. was around
50% higher than its respective original value. This may be explained by the eGFR value of
our combined populations (HSCM + IUCPQ) being around 60% higher than the population
used to develop the model from Rea et al. [13]. Moreover, this covariate was also deemed to
be significant to determine gentamicin clearance. In parallel, although the body weight was
similar between Rea et al. and our study population, the re-estimated volume of distribution
was half the value of the original model. Considering that critically ill patients often suffer
from fluid overload caused by complications [17], this may explain the higher volume of
distribution compared with the endocarditis patients from IUCPQ in our combined datasets.
For the model of Bos et al., the re-estimated gentamicin clearance was lower than its original
value, leading to an underprediction of the gentamicin concentration during the external
evaluation. This may be due to the differences in the severity of the medical conditions
and demographic characteristics between both populations. Although the population used
to develop the model of Bos et al. was severely ill, it was noted that they were not in ICU
whereas our patients were hospitalized in ICU settings. Moreover, the age and body weight
from the sub-Saharan African population, which were both considered in the Cockcroft–
Gault calculation of CrCl, were significantly lower than our population. As for the model
of Hodiamont et al. [16] although the body weight was not statistically different between
their respective population and our two populations, the typical volume of distribution of
the re-estimated model was half than its original value. Only 7% of their population had
endocarditis compared with 55% in our dataset. A higher proportion of critically ill patients
where fluid overload often occurs due to sepsis may suggest the higher distribution volume
observed in the study population of Hodiamont et al. [16].

Although the re-estimation of PopPK models with our population improved the
predictive performance of all models, a variability remained in the prediction of the actual
gentamicin concentrations as well as in the re-estimated PK parameters. Our external
validation datasets formed from our two institutions consisted of patients with severe
infections or endocarditis, which was comparable with the populations used to develop
the evaluated models [13–16]. This variability could have been caused by several sources
such as the severity of the illness, medical history and related concomitant medication.
Furthermore, the origin of the study populations of the developed models was varied,
with patients from the United States, Africa or Europe. The variability may also have been
due to the differences between the patients of the developed PopPK model. As shown in
Table S2, the interindividual and residual variabilities for the PK parameters were already
high, thereby suggesting that the patients from the original dataset used in the model
development were different from each other.

The variability also seen during the external evaluation may also have been due to
the different study designs from the developed PopPK models. The number of patients
in the validation dataset was greater than most study populations used for the model
development [14–16]. Moreover, three studies had a similar sampling schedule to the
validation datasets with samples from therapeutic drug monitoring [13,15,16] whereas the
model from Bos et al. [14] was developed with samples collected following a prospective
observational design. Alihodzic et al. demonstrated that erroneous records due to clinical
routine practices may lead to an inaccurate estimation of PK parameters during PopPK
model development [18].

Based on the best re-estimated performing model, we developed an a priori dosing
nomogram based on the different MIC values, dosing regimens and dosing intervals. For
the evaluations of Cmax and Cmin following the third gentamicin administration, the ODD
regimen appeared to be the best option in order to maximizes the PTA of the efficacy
(Cmax/MIC > 8) and toxicity (Cmin < 1 mg/L or Cmin < 0.5 mg/L) targets compared with
the MDD regimen. This finding was consistent with previous literature that stated that
ODD regimens were able to maintain efficacy whilst minimizing the signs of toxicity [4,5].

For Gram-positive infections, the peak concentrations should be targeted at around 3 to
4 mg/L [19,20]. The latter was represented in our dosing nomogram with Cmax/MIC > 8 con-
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sidering an MIC of 0.5 mg/L (Table S5). Taken daily, a PTA over 90% is possible with
any doses greater than 3 mg/kg. In terms of toxicity, the latter also represents the dosing
regimen recommended for Gram-positive infections [19,20]. Although the original PopPK
model of Rea et al. was not deemed to be adequate following the external evaluation, our
dosing regimens simulated from its re-estimated model were in line with the literature.
This finding brings to light the relevance and accuracy of the metrics generally used during
an external evaluation of PopPK models.

Rea et al. also performed dosing regimen simulations with PTA based on their final
model [13]. From their simulations, the probability of attaining Cmax/MIC > 10 considering
an MIC value of 0.5 mg/L with a daily dose of 7 mg/kg was 87.9%. Based on our dosing
nomogram, a daily dose of 7 mg/kg with an MIC value of 0.5 mg/L led to 98.2% of our
patients attaining the target of Cmax/MIC > 10 (Table S6). Consequently, the original dosing
regimens recommended by Rea et al. would be higher than needed for our population.

Several limitations should be considered in this current study. Firstly, the concentra-
tions from the medical records from both institutions were therapeutic drug monitoring
data collected during a clinical setting. Therefore, the number of samples per patient was
limited. Considering the retrospective design of this study, the severity of the conditions
of the patients was unobtainable from the medical records as well as other covariates
of interest. Moreover, choosing NONMEM software as an inclusion criterion may have
restricted the number of models to be evaluated.

5. Conclusions

In this study, we aimed to evaluate gentamicin PopPK models with two Quebec
critically ill populations. Although the four evaluated models showed a poor population
predictive performance, their respective predictive performances when considering the
characteristics and dosing information of the patients were adequate. In the scenario of
a poor predictive performance, a model re-estimation is a viable option in order to avoid
the development of PopPK models similar to pre-existing ones. With the best performing
re-estimated model from Rea et al., the dosing regimens were simulated with our study
population. These findings suggested that the re-estimation of existing models in order to
develop an a priori dosing nomogram should be considered more often and may be more
suited to each population or also used for a Bayesian analysis and estimation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14071426/s1, Table S1: Summary of the character-
istics of the evaluated PopPK models; Table S2: Summary of the characteristics of the re-estimated
PopPK models; Table S3: Typical values of PK parameters and variability used during external
evaluation and following the re-estimation of PopPK models; Table S4: Bootstrap results of the
re-estimated model from Rea et al.; Figure S1: Population-predicted concentration versus observed
concentrations for gentamicin models following re-estimation: (A) Bos et al. [14], (B) Hodiamont
et al. [15], (C) Rea et al. [13], (D) Hodiamont et al. [16]. Black line with shaded area represents the
trendline from the scatter points; Figure S2: Normalized prediction distribution error (NPDE) plots of
(A) the external evaluation and (B) following model re-estimation for Rea et al. (1) Q-Q plot of the
NPDE, (2) histogram of the NPDE, (3) NPDE versus time, (4) NPDE versus predicted concentrations;
Table S5: Probability of target attainment of Cmax/MIC > 8 on the third dose based on different MIC
values and MDD and ODD dosing regimens of gentamicin; Table S6: Probability of target attainment
of Cmax/MIC > 10 on the third dose based on different MIC values and MDD and ODD dosing
regimens of gentamicin; Figure S3: Percentage of Ctrough following different dosage regimens and
dosing intervals below (A) 1 mg/L and (B) 0.5 mg/L; Table S7: Percentage of Ctrough below 1 mg/L
or 0.5 mg/L before the fourth administration following different dosage regimens and dosing interval
below.
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Abstract: The aim of this study was to evaluate the difference in drug exposure of rifampicin in
native versus non-native Paraguayan populations using dried blood spots (DBS) samples collected
utilizing a limited sampling strategy. This was a prospective pharmacokinetic study that enrolled
hospitalized tuberculosis (TB) patients from both native and non-native populations receiving oral
rifampicin 10 mg/kg once-daily dosing. Steady-state DBS samples were collected at 2, 4, and 6 h after
intake of rifampicin. The area under the time concentration curve 0–24 h (AUC0–24) was calculated
using a Bayesian population PK model. Rifampicin AUC0–24 < 38.7 mg*h/L was considered as low.
The probability of target attainment (PTA) was calculated using AUC0–24/MIC > 271 as a target and
estimated MIC values of 0.125 and 0.25 mg/L. In total, 50 patients were included. Native patients
(n = 30) showed comparable drug exposure to the non-natives (n = 20), median AUC0–24

24.7 (17.1–29.5 IQR) and 21.6 (15.0–35.4 IQR) mg*h/L (p = 0.66), respectively. Among total pa-
tients, only 16% (n = 8) had a rifampicin AUC0–24 > 38.7 mg*h/L. Furthermore, PTA analysis
showed that only 12 (24%) of the patients met a target AUC0–24 /MIC ≥ 271, assuming an MIC of
0.125 mg/L, which plummeted to 0% at a wild-type MIC of 0.25 mg/L. We successfully used DBS and
limited sampling for the AUC0–24 estimation of rifampicin. Currently, our group, the EUSAT-RCS
consortium, is preparing a prospective multinational, multicenter phase IIb clinical trial evaluating
the safety and efficacy of high-dose rifampicin (35 mg/kg) in adult subjects using the DBS technique
for AUC0–24 estimation.

Keywords: tuberculosis; rifampicin; pharmacokinetics; dried blood spots; limited-sampling strategy

1. Introduction

Tuberculosis (TB) remains the leading cause of death by a single infectious agent apart
from COVID; being at the same time both a preventable and curable disease. Globally, the
burden of TB varies greatly, with more than 60% of the newly diagnosed cases concentrated
in parts of Asia and Africa [1,2]. Although the incidence of TB in South America (46.2 per
100,000) is relatively low compared to Africa (100–300 per 100,000 inhabitants), TB still
remains a serious public health problem. In Paraguay, TB incidences differ significantly
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among the native (350 per 100,000) and the non-native population (37.6 per 100,000) [2].
Based on limited data, the mortality rates are estimated to vary considerably with 22 deaths
in native Indians compared to 4.5 per 100,000 in the rest of the population [2]. As of yet, no
evidence is available to explain the reason why indigenous people have such high incidence
rates of TB, why there is a higher mortality rate, and why the cure rates and relapse rates are
lower. An explanation could be compliance with medication, higher prevalence of toxicity
and side effects, or access to health care. Another reason might be low drug concentrations
due to genetic differences (explaining differences in metabolism or toxicity) or due to food
and drinking habits. None of these reasons have been studied in Paraguay so far.

Rifampicin is a key drug of standard first-line anti-TB treatment. From hollow-fiber
studies and an observational cohort study [3,4], it is evident that low rifampicin blood
exposures have been associated with treatment failure and the development of acquired
drug resistance [5,6]. Pharmacokinetic (PK) variability, in combination with differences
in drug susceptibility of Mycobacterium tuberculosis, explains why some patients fail the
treatment [6] although the correlation with outcomes in humans has not been completely es-
tablished until now. For rifampicin, the most predictive efficacy parameter is its ratio of area
under the 24-h concentration-time curve (AUC0–24) and minimum inhibitory concentration
(MIC), with a suggested target exposure of AUC0–24/MIC ≥ 271 for one log CFU reduction
in murine studies [5,7], whereas free Cmax/MIC ≥ 175 is linked to the suppression of
acquired drug resistance and the post-antibiotic effect (hollow-fiber study) [5]. However, in
the absence of actual MICs, clinicians often utilize an AUC0–24 of 38.7 mg*h/L, observed
with normal 8–12 mg/kg dosing in humans to make informed dosing decisions [8].

In a systematic review and meta-analysis, Stott et al. found that among 35 included
studies (at steady state), 12 studies had an average AUC0–24 between 20–30 mg*h/L,
whereas, two other studies had an even lower mean AUC0–24 of 13–14 mg*h/L [8]. There
was a considerable difference in reported AUCs in the different populations (HIV status,
TB status, combination therapy, intermittent dosing, diabetes status, and treatment dura-
tion) [8]. Furthermore, Stott et al. showed that by taking 38.7 mg*h/L as a mean rifampicin
steady-state AUC and the epidemiological cut-off value (ECOFF) MIC of 0.5 mg/L, an
AUC/MIC ratio of 77 is achieved, which is far below the optimal AUC0–24 /MIC ≥ 271
suggested by Jayaram et al. [7,8]. However, the proposed susceptibility breakpoint MIC
based on pharmacokinetic/pharmacodynamic science was much lower at 0.0078 mg/L for
the standard rifampicin dose (450–600 mg once daily) [9,10].

Therapeutic drug monitoring (TDM), i.e., drug dose adjustment based on measured
blood concentrations, has the potential to optimize exposure to anti-TB drugs but is not
widely used in clinical practice probably due to logistic and financial challenges that arise
with the conventional venous sampling [11–13]. Encouragingly, the use of alternative
sampling techniques such as dried blood spots (DBS), combined with limited sampling, has
led to practical solutions [14–16]. Limited sampling is drawing a limited number (usually
two or three) of samples during one dosing interval to calculate AUC0–24. DBS sampling,
due to its higher stability and easy shipment to central laboratories, has overcome some
of the challenges associated with conventional venous sampling [15,16]. Moreover, recent
developments in the field of limited sampling strategies have enabled accurate prediction
of drug exposure without the need for intensive pharmacokinetic sampling [17,18]. In
Paraguayan pediatric TB patients, pharmacokinetic sampling using DBS collection utilizing
limited-sampling time points (0, 2, 4, and 8 h post dose) was successful in accurately
assessing the pharmacokinetics of rifampicin and pyrazinamide [18]. Although exposure to
rifampicin has been extensively studied, data on rifampicin exposure in the South American
adult population is lacking.

The primary aim of this study was to evaluate the differences in exposure to rifampicin
in native versus non-native Paraguayans using DBS sampling. The hypothesis to study
exposure of rifampicin in native vs. non-native Paraguayans stemmed from the high dis-
crepancy in TB incidence and mortality rates among native Paraguayan patients compared
to the rest of the population. Apart from the socioeconomic, cultural, educational, and
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health barriers which might explain the differences in TB incidence and mortality, we
were compelled to study if there were any differences in the exposure of the key anti-TB
drugs, such as rifampicin, in this population. None of these reasons have been studied in
Paraguay so far. Our study is the start of unraveling the differences between subgroups in
the population and we decided to start to investigate exposure in the native population and
compare it to another, genetically different, study population. Furthermore, it is uncertain
if any related genetic differences or other biological features contributing to the differences
should be considered.

1.1. Patients and Setting

The study was carried out at the hospital ‘Instituto Nacional de Enfermedades Res-
piratorias y del Ambiente’ (INERAM) in Asunción, Paraguay. The study protocol was
approved by the Ethics Committee of Laboratorio Central De Salud Pública—Asunción
(No: 56/160415). From July 2015 to October 2018, hospitalized adult TB patients were asked
to participate in the study. Signed informed consent was obtained from all patients. New
drug-susceptible TB patients, ≥18 years, with pulmonary or extrapulmonary involvement
or patients with high clinical suspicion of TB, or starting treatment with first-line TB drugs
were eligible for inclusion. Severe renal or hepatic dysfunction at the start of treatment
leading to a different TB treatment regimen was excluded. For this study, a sample size of
50 hospitalized patients (30 native and 20 non-natives) was considered. In the Paraguayan
national TB program, a database is available based on the Paraguayan TB epidemiology.
Native Paraguayans were identified based on their indigenous identity card which also
expanded on ethnic and lingual identity. Furthermore, in this database high-risk groups
such as prisoners, indigenous people, and others (substance abusers, HIV, and diabetes) are
indicated as such. Native Paraguayans belong to one of the 17 ethnic groups in Paraguay.
Of the 17 ethnic groups, 13 live in the western region also called the Chaco of Paraguay (arid
land, with very high temperatures, sometimes exceeding 50 ◦C, and their diet is primarily
composed of the meat of wild animals). The other four ethnic groups live very close to
the capital, Asuncion, and consume a similar diet to that of non-natives. The non-native
population consisted of mestizo people who are of mixed Spanish and native descent.

Given the exploratory nature of the study, no formal sample size calculation was
performed in this study. As PK data from the native population is lacking, we used an en-
rolment ratio of 1.5 to have sufficient samples to compensate for unforeseen circumstances.
Patients were followed up until the completion of treatment.

1.2. TB Diagnosis, Drug Doses, Study Procedures, and Pharmacokinetic Analysis

Tuberculosis patients were verified based on the results from the sputum-smear-
positive Ziehl Neelsen microscopy andculture on solid media, chest X-ray, and other
molecular tests such as GeneXpert. GeneXpert was used as a confirmatory test for patients
with positive sputum smears.

All patients were treated according to the WHO standard TB treatment guidelines
and received once daily rifampicin (10 mg/kg, rounded to 450 or 600 mg) along with
isoniazid, pyrazinamide, and ethambutol [19]. Comedication and basic demographics
were recorded. Biochemical parameters were determined at baseline and on the day of PK
sampling, which included hematocrit, serum creatinine, and liver enzymes. Blood samples
were collected with a 10 mL syringe after disinfecting the skin with 70% alcohol. The
collected blood was divided into two tubes for the collection of plasma and serum samples.
The samples were immediately transferred to INERAM’s laboratory for processing. At
the Hospital del Indigena, the samples were collected inside the laboratory. Laboratory
tests were performed at the INERAM laboratory and the Hospital del Indigena (Asuncion,
Paraguay), both using the same automated Beckman equipment (German origin). The
equipment used the enzymatic method for transaminases: alkaline phosphatase (ALP),
alanine transaminase (ALT), and aspartate aminotransferase (AST) and the colorimetry
method for bilirubins. Hemoglobin and hematocrit were analyzed by the flow-cytometry
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method. The modified Jaffé kinetic method was used to analyze creatinine. The creatinine
reference range was 0.7–1.3 mg/dL. The baseline laboratory tests were used to gain insights
into the overall health status of the TB patients which included the patient’s liver and kidney
function, as well as their glucose metabolism, more as a descriptive approach. Apart from
hematocrit, all other baseline parameters mentioned in Table 1 are routinely analyzed in
the TB treatment centers every two to four weeks to evaluate if adverse reactions occur. In
case of abnormal results, the test is repeated to take care of the adverse effects.

Table 1. Baseline characteristics of all included patients.

Patient Characteristics Total
(n = 50)

Native
(n = 30)

Non-Native
(n = 20)

Demographic data

Male 33 (66) 16 (53) 17 (85)

Age (years) 35 (26–49) 35 (26–52) 40 (28–43)

Body weight (kg) 52 (47–62) 53 (44–62) 52 (49–63)

Length (cm) 167 (160–173) 164 (151–172) 169 (162–175)

Body Mass Index (kg/m2) (n = 49) 19.5 (17.9–21.6) 20.2 (18.0–21.8) 18.9 (16.8–21.3)

Underweight (<18.5 kg/m2) 19 (38) 10 (33) 9 (45)

Normal (18.5–25.0 kg/m2) 31 (62) 20 (67) 11 (55)

Type of TB

Pulmonary 46 (92) 28 (93) 18 (90)

Extrapulmonary 4 (8) 2 (7) 2 (10)

Comorbidities

Diabetes 6 (12) 2 (10) 4 (20)

HIV 1 (2) 1 (3.3) 0 (0)

Radiological characteristics (n = 47) (n = 27) (n = 20)

Consolidation 36 (77) 23 (85) 13 (65)

Pleural fluid 8 (17) 7 (26) 1 (5)

Cavities 29 (62) 14 (52) 15 (75)

Atelectasis 8 (17) 5 (19) 3 (15)

Baseline Biochemical parameter

Creatinine (umol/L), normal value 53 to 97.2 umol/L 61.9 (53.09–70.7) 61.9 (53.0–70.7) 61.9 (52.4–70.7)

ALT (U/L), normal value 10–49 U/L 27.5 (16–50.3) 35.0 (20.8–59.3) 20.5 (15.3–36.3)

AST (U/L), lower than 34 U/L 28.5 (19–46.2) 33.5 (23.8–57.5) 28.0 (19.5–34.0)

ALP (U/L), 90–360 U/L 209.0 (58.0–316.75) 233 (161.3–362.3) 232.0 (141.0–309.0)

Haemoglobin (g/dL) 10.65 (9.4–12.3) 10.1 (9.2–11.3) 11.5 (9.6–12.7)

Hematocrit (%) 33.6 (31.0–38.0) 33.1 (31.0–35.7) 36.0 (30.4–39.1)

Baseline Sputum smear (n = 49) n = 30 n = 19

Positive 41 (83) 24 (80) 17 (89.4)

Negative 8 (16) 6 (20) 2 (10.5)

Baseline culture (n = 48) n = 28 n = 20

Positive 33 (69) 19 (68) 14 (70)

Negative 15 (31) 9 (32) 6 (30)

GeneXpert MTB/RIF (n = 33) n = 21 n = 12

Positive 32 (97) 20 (95) 12 (100)

Negative 1 (3) 1 (5) 0 (0)

Data are expressed as median (IQR) or n (%).

PK sampling was performed after two weeks of treatment (to ensure a steady state), at
2, 4, and 6 h after observed administration of rifampicin [20]. Patients had to remain fasted
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for at least two hours prior to rifampicin intake until the second DBS sample (4 h) was
taken. On the day of sampling, a trained healthcare worker collected capillary blood from
a finger prick on special filter paper (Whatman® DMPK type C, Darmstadt, Germany) to
produce DBS samples, and the DBS cards were dried at room temperature (20–35 ◦C) for at
least 3 h and subsequently stored in a plastic ziplocked bag with silica enclosed. Contrary
to standardized storage conditions, DBS samples were stored at room temperature before
shipping them to the Netherlands. Rifampicin and its metabolite deacetyl-rifampicin were
found to be stable at an ambient temperature of approximately 25 ◦C for 2 months, 37 ◦C
for 10 days, and 50 ◦C for 3 days [21]. The shipping process to the Netherlands was in
accordance with one of the stated conditions (37 ◦C for 10 days). The ambient temperature
inside the local site was below 25 ◦C at all times due to the use of fans and coolers.

Rifampicin drug concentrations from these DBS samples were analyzed at the labora-
tory of the Department of Clinical Pharmacy and Pharmacology at the University Medical
Center Groningen, Groningen, The Netherlands. The DBS samples were measured using a
liquid-chromatography tandem mass-spectrometry technique (LC-MS/MS) assay validated
for accuracy, precision, linearity, matrix effect, hematocrit effect, spot volume, and stability
upon storage Details on the DBS assay of rifampicin have been published previously [21].
The calibration curve of rifampicin showed to be linear with a correlation coefficient (R2) of
0.9953. Within run precision (%CV) ranged from 2.1% to 5.4% and between run precision
ranged from 2.4% to 7.2%. Accuracy (bias) ranged from −1.1% to 4.0% at all tested QC
levels (LLOQ, low, medium, high, and over the curve). Rifampicin was measured from the
DBS cards and reported [21]. While reporting drug levels in two different matrixes (plasma
and dried blood spots) there could be a systemic difference in rifampicin concentrations
measured in plasma vs. DBS. We tested this in our earlier published clinical application
study of venous blood and DBS samples for rifampicin [21]. Simple linear regression
coefficients and Deming regression equations for rifampicin were R2 = 0.9076 (n = 28),
y = 0.90x − 0.01 (95% confidence interval (CI) slope: 0.78–1.01, intercept: 0.53–0.51). The
clinical application study showed no significant differences between the patient analysis
of plasma and DBS for rifampicin [18,21]. Based on these results, a correction factor was
deemed not applicable.

To estimate AUC0–24 in this population, a validated one-compartmental population
pharmacokinetic model with first-order absorption, lag time, and dose adaptation software
was used (MW Pharm++, version 1.9.8.243; Mediware, Prague, Czech Republic) [16].
The currently applied three-point limited sampling strategy was validated in an earlier
published study by Magis-Escurra et al. [20], where multiple linear regression analysis was
conducted to obtain optimal sampling equations predictive of actual AUC0–24 for rifampicin.
All possible combinations of one to three time points were evaluated. The average adjusted
R2 and mean absolute percentage prediction error (MAPE) for all combinations comprising
one, two, or three samples were calculated to investigate the correlation between the
predicted AUC0–24 using multiple linear regression and calculated AUC0–24. The predictive
performance of two-sampling time points and one-sampling time point fell short in terms
of R2 and MAPE [17,20]. Furthermore, a single PK sample at 2 h would not have been
adequate for accurately predicting AUC0–24, as it has been well established that Cmax
cannot be estimated using C2 level [14].

1.3. Sputum-Smear Microscopy, Culture, and Statistical Evaluation

Sputum samples were collected from patients for sputum-smear microscopy and
culture weeks after that following the WHO guidelines for the treatment of drug-susceptible
TB (DS-TB) [19]. The culture was performed in the Löwenstein-Jensen media. All statistical
analysis was performed in SPSS, version 23.0 (IBM Corp., Armonk, NY, USA). Categorical
data were expressed in frequencies and percentages whereas continuous variables were
presented as median and interquartile range. Nonparametric tests were used for the
calculation of p-values (Mann–Whitney U test).
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1.4. Treatment Outcomes

Treatment outcomes were reported following the WHO guidelines [19].

2. Results
2.1. Study Subjects

In this study, 50 hospitalized TB patients were included (length of hospitalization
was about one month), of which 41 (82%) patients had positive sputum smears before
starting TB treatment. The baseline characteristics of both natives (n= 30) and non-natives
(n= 20) are summarized in Table 1. The median age of the native population was 35 years
(26–52 interquartile range, IQR), and the non-native population was 40 years (28–43 IQR).
The actual median rifampicin dose was 600 mg (IQR 525–600 mg). The national TB program
provides Rifafour, a combination of the four drugs, in the intensive phase. Rifafour is a
fixed-dose combination of four active TB drugs: rifampicin 150 mg, isoniazid 75 mg,
pyrazinamide 400 mg, and ethambutol HCL 275 mg. Based on the BMI < 18.5 kg/m2,
45% (9/20) of the non-native patients were underweight; and 31% (10/29) of the native
patients were underweight. All 50 patients completed PK sampling using DBS; samples
were taken in an average of a median 14 days (11–19 IQR) after starting treatment except in
five patients who were sampled after 30 days of treatment. Of 50 patients, 10 (20%) patients
who were lost to follow up after the first month of treatment were equally distributed over
two groups, six (20%) from natives (n = 30) and four (20%) from the non-natives (n = 20).
Of the total, one (2%) patient stopped TB treatment because in the diagnostic tests, all the
results were negative for TB and the diagnosis became unlikely.

2.2. Pharmacokinetics

At 10 mg/kg once daily dosing, the median AUC0–24 (n = 50) was 23.2 mg*h/L
(16.4–32.3 IQR). Native patients showed a comparable rifampicin exposure to the non-
natives; the median AUC0–24 was 21.6 (15.0–35.4 IQR) and 24.7 (17.1–29.5 IQR), respectively
(p = 0.66, Mann-Whitney U test, see Table 2).

Table 2. Rifampicin dose, AUC, and treatment outcomes.

Native (n = 30) Non-Native (n = 20)

Rifampicin dose (mg/kg) 10.74 (9.43–11.51) 10.66 (9.47–11.69)

AUC (mg*h/L) 24.7 (17.1–29.5) 21.6 (15.0–35.4)

Primary Treatment Outcomes

- Sputum conversion (60 days, yes) 16 (94), n = 17 10 (91), n = 11

- Culture conversion (60 days, yes) 15 (94), n = 16 9 (90), n = 10

Final treatment outcomes
(end of the treatment)

- Cured 9 (30) 11 (55)

- Treatment completion 10 (34) 4 (20)

- Loss-to-follow up 6 (20) 4 (20)

- Missing data 1 (3) 1 (5)

- Not evaluated 4 (13) -

Data are expressed as median (IQR) or n (%).

Of the total (n = 50), only eight (16%) patients had a rifampicin reference
AUC0–24 > 38.7 mg*h/L; six (20%) patients from the native population and two (10%)
from the non-natives, indicating that the Paraguayan population (both native and the
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non-native) are at the lower end of the AUC values that are observed in TB patients. The
probability of rifampicin target attainment (PTA) was calculated (Figure 1) and showed
PTA (AUC/MIC > 271) in the Y-axis plotted against the assumed MIC of rifampicin ranged
from 0.00156 to 1 mg/L in the X-axis. The analysis (n = 50) showed that with once-daily
dosing of 450–600 mg, only 27% of the native patients and 20% of the patients from
the non-native group met the target AUC0–24 /MIC ≥ 271 if MIC was assumed to be
0.125 mg/L. Furthermore, at an assumed MIC of 0.25 mg/L, PTA dropped dramatically to
0% in the total population. At present, the ECOFF MIC of rifampicin is set at 0.5 mg/L,
whereas PK/PD susceptibility breakpoint is at 0.0625 mg/L [9]. This is reflected in our
cohort (see Figure 1), as the PTA dropped from 100% (at MIC of 0.0625 mg/L) to 0% (MIC
of 0.25 mg/L). The most prevalent MIC for rifampicin in Paraguay is 0.25 mg/L (personal
communication with the central laboratory in Asuncion, Paraguay).
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2.3. Sputum-Smear/Culture Conversion and Treatment Outcomes

The median time to sputum-smear conversion (n = 21) was 15 days (15–45 IQR) and
culture conversion (n = 25) was 15 days (15–30 IQR). In the native population, the median
time to sputum-smear conversion (n = 6) was 15 days (15–15 IQR), and culture conversion
(n = 13) was also 15 days (15–15 IQR). In the non-native population, the median time
to sputum-smear conversion (n = 15) was 15 days (15–45 IQR) and culture conversion
(n = 12) was 30 days (15–60 IQR). Sputum-smear/culture conversion data at 60 days of the
treatment and the final treatment outcomes of the native and non-native populations are
shown in Table 2.

3. Discussion

This study evaluated the differences in drug exposure to rifampicin between native
and non-native Paraguayans using DBS sampling. Rifampicin exposure in Paraguayan
TB patients (natives and non-natives) was considered low as only 16% of the patients
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achieved a reference AUC0–24 > 38.7 mg*h/L [8]. There was no difference in the rifampicin
doses (10 mg/kg) between the two groups (p = 0.49, see Table 2). No significant difference
in rifampicin exposure was observed between the native and non-native Paraguayan
population (n = 6, 20% in the native and n = 2, 10% in the non-native group met the
AUC target). Both groups had rifampicin levels towards the lower AUC range (median
23.2 mg*h/L and IQR 16.4–32.3) of normal in patients receiving a dose of 10 mg/kg once
daily [8]. Of note, there were higher numbers of female participants in the native group
compared to the non-native group. The study by Conte et al. found that absorption of
rifampicin or the plasma levels of rifampicin at 2 h and 4 h were not affected by sex [22].
Therefore, we assume that the absorption of rifampicin was comparable between males
and females in our study.

Remarkably, rapid conversion in both native and non-native populations occurred
despite low exposure to rifampicin. This may indicate that the current treatment during
the intensive phase of treatment was adequate, which could be attributed to the combined
effect of the four drugs. Several factors could have contributed to the rapid conversion.
First, the MIC of rifampicin might have been low in these patients (although the most
prevalent MIC for rifampicin in Paraguay is reported at 0.25 mg/L). Second, it could be
that combination therapy of isoniazid, pyrazinamide, and ethambutol also contributed to
the rapid response. Still, the low exposure in relation to sterilization might have resulted in
the dormancy of TB bacteria rather than actually killing it as long-term follow-up data is
missing, which is concerning. Therefore, our study shows that the currently used dosing of
rifampicin 10 mg/kg is likely suboptimal and there is plenty of room for rifampicin dose
optimization [8,23]. Furthermore, these were hospitalized patients who are often sicker
than the normal TB patient population. Although other reasons for hospitalization in this
study included socioeconomic reasons, patients lived far from the treatment center, were
poor, or lived alone with no one to take care of them. Additionally, our study showed that
pharmacokinetics can be assessed in remote settings using this strategy in adults as well as
in children [18].

Our results are consistent with earlier reports on rifampicin levels in adult TB pa-
tients [8,24,25]. Seijger et al. evaluated serious adverse events in a cohort of 88 patients
with severe presentations such as meningitis TB in one of our TB-expert centers, treated
with high-dose rifampicin (up to 32 mg/kg) from the treatment start or after TDM [26].
Encouragingly, no serious adverse events occurred, and AUC0–24 showed nonlinear in-
creases at higher dosages [26]. Therefore, along with our study, the available evidence
suggests that the time is now right to apply a higher dose of rifampicin in order to save
lives, especially in the most difficult-to-cure patients [25]. With higher doses, not only
desired AUC will be attained but also culture conversion will be reached earlier which
might result in shortening the therapy duration.

This study has limitations. First, for sputum-culture conversion, a hallmark for evaluat-
ing the efficacy of the TB-treatment therapy, data were available only in half of the included
patients due to several reasons such as some patients could not expectorate sputum sam-
ples, others missed the visit, some were sputum-culture negative from the start, and some
had extrapulmonary TB. Second, MIC values were not measured and assumed MIC of 0.125
and 0.25 mg/L were used. Third, in our study, 20% of the patients were lost to follow up.
These patients are at greater risk for developing drug resistance and further transmitting
resistant forms of TB to the community. Fourth, the model was not validated separately
for the native Paraguayan tuberculosis patients [16]. However, the original model was
built using a heterogeneous population, with respect to ethnicity, weight, and BMI. Next
to that, it was developed for the same dosing range. This model has been successfully in
use to calculate AUC24 in daily patient care for almost 10 years now. Based on our vast
experience with a very large range of different parameters, we are confident that the model
can be applied to estimate exposure in the native population. Unfortunately, the exposures
of rifampicin in routine care in the TB center are not part of this project, hence we cannot
report on them, nor compare them as they are not part of the study approved by the ethics
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committee. Fifth, we did not perform the genetic analysis searching for variants in the
genes SLCO1B1, ABCB1, UGT1A, or PXR which have a role in the extent of gun/hepatic
enzyme induction and metabolism [27]. Sixth, this exploratory study was not powered
to find any differences resulting between the groups. The heterogeneity is visible in the
rifampicin exposure IQR in both groups, which varied between 15.0–35.4 mg*h/L. Based
on a post hoc power analysis, future studies would need a total of 95 patients to achieve
80% power (this is with 15% additional subjects included due to the non-normality of
the rifampicin exposure). Therefore, this is our recommendation for any future follow-up
studies of a similar nature.

Furthermore, we did not study the pharmacokinetics parameters of rifampicin as it
remains outside the scope of this study due to several reasons. First, limited sampling
time points (2 h, 4 h, and 6 h) are validated to estimate the exposure of rifampicin over
24 h AUC0–24 and not other PK parameters like Cmax, Tmax, half-life, and volume of
distribution [20]. To perform a full pharmacokinetics study, we need to collect multiple
samples at 0 h (pre-dosing), 30 min, 1 h, 2 h, 3, 4, and 6 h postdosing. Second, since
AUC0–24 remains the first best predictor of efficacy for rifampicin, we were interested in
the exposure difference between the two groups in this first prospective cohort study given
the pilot character of the project. Assessing full PK parameters including genotyping and
treatment-outcome data would be a follow-up study.

Finally, to address the issue of high loss to follow up, national TB treatment programs
in Paraguay are currently focusing on formulating and improving health strategies. Inter-
sectoral collaboration, sustained financing, and applying new tools and technologies such
as TDM or video-based directly-observed treatment will be important to carve the path for
the more efficient functioning of TB programs in Paraguay.

Future Perspectives, Next Steps

Currently, our group, the EUSAT-RCS consortium (https://www.eusattb.net/), is
preparing a multinational, multicenter phase IIb clinical trial evaluating the safety and
efficacy of high-dose rifampicin (35 mg/kg) in adult subjects with pulmonary or extra-
pulmonary DS-TB belonging to difficult to treat subgroups (such as patients older than
60 years and/or with significant comorbidities with active tuberculosis) [28]. The results
from this scheduled phase II trial will generate solid evidence on if the optimized dose will
be feasible in the clinical practice for the whole population.

4. Conclusions

In our cohort of 50 Paraguayan TB patients, rifampicin 10 mg/kg dosing resulted in
low exposures in both native and non-native patients. Native patients showed comparable
exposure to non-natives. Dried blood spot sampling was used successfully to estimate
rifampicin exposure and this sampling method seems feasible in resource-limited settings.
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Abstract: Therapeutic drug monitoring (TDM) of tobramycin is widely performed in patients with
cystic fibrosis (CF), but little is known about the value of model-informed precision dosing (MIPD) in
this setting. We aim at reporting our experience with tobramycin MIPD in adult patients with CF. We
analyzed data from adult patients with CF who received IV tobramycin and had model-guided TDM
during the first year of implementation of MIPD. The predictive performance of a pharmacokinetic
(PK) model was assessed. Observed maximal (Cmax) and minimal (Cmin) concentrations after
initial dosing were compared with target values. We compared the initial doses and adjusted doses
after model-based TDM, as well as renal function at the beginning and end of therapy. A total
of 78 tobramycin courses were administered in 61 patients. After initial dosing set by physicians
(mean, 9.2 ± 1.4 mg/kg), 68.8% of patients did not achieve the target Cmax ≥ 30 mg/L. The PK
model fit the data very well, with a median absolute percentage error of 4.9%. MIPD was associated
with a significant increase in tobramycin doses (p < 0.001) without significant change in renal
function. Model-based dose suggestions were wellaccepted by the physicians and the expected target
attainment for Cmax was 83%. To conclude, the implementation of MIPD was effective in changing
prescribing practice and was not associated with nephrotoxic events in adult patients with CF.

Keywords: cystic fibrosis; therapeutic drug monitoring; tobramycin; pharmacokinetics; model-informed
precision dosing

1. Introduction

Pulmonary exacerbations (PE) are common infectious complications in patients with
cystic fibrosis (CF) [1]. Non-fermenting gram-negative bacilli are the most retrieved agents
in PE, especially Pseudomonas aeruginosa [2]. The recommended therapy of PE in patients
with CF is the association of a beta-lactam (e.g., ceftazidime, or piperacillin/tazobactam)
with an aminoglycoside, both administered by intravenous (IV) route [3]. Tobramycin
is the most widely used aminoglycoside agent in this setting due to its activity against
P. aeruginosa. As PE are recurrent, repeated courses of such antibiotic therapy are necessary
in patients with CF.

Aminoglycosides have a narrow therapeutic margin, and their antibacterial effect
is concentration dependent [4]. Overexposure has been associated with ototoxicity and
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nephrotoxicity [5]. For initial dosing, recommended doses of tobramycin range from
10–15 mg/kg/day in CF patients [6]. However, dose individualization is required because
of the narrow therapeutic margin and large interindividual pharmacokinetic (PK) variability.
Therapeutic drug monitoring (TDM) has been recommended in this context to adjust the
dosage and optimize the efficacy and safety in each patient [7,8].

However, TDM alone may not be an optimal approach for dose individualization
of tobramycin. Traditional TDM only provides information on drug exposure to the
physicians. Then, physicians have to interpret this information and use it adequately to
adjust the dosage in order to achieve the pharmacokinetics/pharmacodynamics (PK/PD)
target, and this process remains empirical. Limited information exists on how well TDM
information is used to adjust aminoglycoside dosage in clinical routine. Model-informed
precision dosing (MIPD) is an emerging approach that consists of using a pharmacokinetic
model to interpret TDM results and compute the individual dose necessary to achieve a
PK/PD target [9,10]. A Bayesian approach implemented in PK software is usually carried
out to estimate individual PK parameter values based on both population information
(population PK model) and individual information (dosing history, covariates such as renal
function or body weight, and measured drug concentrations).

The objective of this study was to report our experience and first results of the imple-
mentation of an MIPD service for dosage individualization of tobramycin following TDM
in adult patients with CF.

2. Materials and Methods
2.1. Tobramycin Local Dosing and Monitoring Practice

In our adult CF centre, PE were treated at home in most patients, with antibiotics
administered as an outpatient parenteral antimicrobial therapy (OPAT). The initial dose was
set by physicians based on previous courses. IV tobramycin was administered once daily
for 14 days. A beta-lactam was commonly co-prescribed (e.g., ceftazidime or piperacillin/
tazobactam). The preparation of tobramycin infusion bags was centralized in our central
hospital pharmacy (Pharmacie Centrale des Hospices Civils de Lyon) and the preparations
were then transported to patients’ homes. Tobramycin infusion duration was set at 30 min
but sometimes varied slightly in each patient. TDM was performed once during therapy,
on the third or fourth day, with sampling of trough concentration (Cmin) being just before
the next infusion and the peak (Cmax) being 30 min after the end of the infusion. Again,
true sampling times may have varied slightly but those were precisely recorded by nurses.
Blood samples were transported to the hospital pharmacology laboratory that performed
tobramycin assay. Prior to MIPD implementation, the TDM results were interpreted, and
the tobramycin dosages were adjusted empirically by physicians alone.

Physicians used tobramycin concentration targets recommended by the French Na-
tional Drug Agency; these were Cmax of 30–40 mg/L and Cmin < 0.5 mg/L at 24 h [11].
The Cmax target is based on a Cmax/MIC (minimal inhibitory concentration) target of
8 to 10 and a putative maximal MIC of 4 mg/L, which is the tobramycin breakpoint
from the Clinical and Laboratory Standards Institute (CLSI) for susceptible strains of
P. aeruginosa [12].

MIPD of tobramycin was implemented routinely in January 2021. Clinical pharma-
cists interpreted the TDM results with PK software (see below) and provided a dosage
recommendation to physicians. The central pharmacy responsible for infusion bag prepa-
ration was also informed and could adjust the dose to be administered, if necessary. The
organization of tobramycin therapy after implementation of MIPD is depicted in Figure 1.

For the initial dose, the physicians prescribed the same dose as the post-TDM dose
of the previous course. As no patient exhibited severe renal impairment at baseline (see
results), once daily dosing was applied, in accordance with guidelines [13,14].
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2.2. Data Collection

We performed a retrospective analysis of data from all adult patients with CF who
received IV tobramycin and had TDM from January 2021 to January 2022, after MIPD
implementation. As this was a non-interventional study with TDM performed as part of
routine patient care, no informed consent nor ethics approval was required, in accordance
with the French law on biomedical research [15].

The data collected included blood sampling times, drug administration times, intra-
venous infusion duration, and measured drug concentrations, as well as patient character-
istics including sex, age, body weight, serum creatinine, and creatinine clearance (CLCR,
estimated with the Cockcroft–Gault equation) at tobramycin therapy onset and at the end
of therapy. We also collected data on PK modelling (see below), including the predicted
tobramycin concentrations and PK parameter values (central volume of distribution and
clearance) as well as data on dosage adjustments including the tobramycin initial dose, the
dose suggested by clinical pharmacists after TDM and PK modelling, and the dose set by
physicians after this recommendation.

Concentrations of tobramycin were measured by using an automated immunotur-
bidimetry assay (PETIA). The lower limit of quantification was 0.2 mg/L. Intra- and
inter-day repeatability expressed as coefficients of variation were less than 4%. The method
was validated according to our national quality insurance program.

2.3. MIPD and PK Data Analysis

The TDM results were analysed by using a Bayesian PK modelling approach. We used
the BestDoseTM software to perform Bayesian fitting of the PK model and estimation of
individual PK parameters (e.g., clearance and volume of distribution) in each patient on all
TDM occasions [16]. The measured Cmin < 0.2 mg/L were set at 0.1 mg/L (half the lower
limit of quantification) in the Bayesian PK modeling.

Bayesian estimation of PK parameters was based on a nonparametric two-compartment
population model previously developed and validated by our group in children and
adolescents with CF [17]. The population distributions of PK parameters were used as
prior in the Bayesian estimation. Extrapolation to adult patients was theoretically pos-
sible since this model includes the influence of physiological variables that are scalable;
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the tobramycin elimination rate constant is linearly correlated with creatinine clearance
(in mL/min) and the central volume of distribution is expressed in L/kg. The equations of
the covariate-parameter relationships are as follows:

V1 = Vs. × BW (1)

where V1 is the tobramycin central volume of distribution (in L), Vs. is the central volume
of distribution in L/kg, and BW is the body weight in kg. The symbol “S” indicates that Vs.
is the slope parameter in the regression of V1 versus BW.

Ke = KI + KS × CLCR (2)

where Ke is the tobramycin elimination rate constant (in h−1), CLCR is the creatinine
clearance estimated by the Cockcroft-Gault equation (in mL/min), KS is the slope parameter
in the regression of Ke versus CLCR, and KI is the non-renal component of elimination
(intercept parameter in the regression of Ke versus CLCR).

Good predictive performance of the model in adult patients has been recently con-
firmed in another dataset from adult patients [18].

Once the model had been fit to the data and provided acceptable results, it was used
to simulate a future once-daily dosing regimen. The dosage was computed to achieve the
recommended targets cited above: Cmax of 30 to 40 mg/L and Cmin < 0.5 mg/L. Because
real infusion and sampling times for Cmax could differ from the standard, the model was
used to calculate Cmax 30 min after the end of a 30 min infusion (Cmaxmod), and this value
was considered in the target attainment and dose adjustment.

The PK report sent to physicians included three recommended dosages for achieving
the lower, mid-value, and upper bounds of the target interval (30, 35, and 40 mg/L,
respectively). Due to the tobramycin presentations available in France, the dose suggestions
were rounded to the next 25 mg dose.

2.4. Statistical Analysis

To assess the goodness-of-fit of the PK model, the individual predicted concentrations
were compared with the observed concentrations. Target attainment after initial dosing
was assessed by the proportion of Cmax, Cmaxmod, and Cmin within the target range. We
evaluated the effects of MIDP by comparing the initial dose to the dose finally selected by
the physicians with the Wilcoxon signed-rank test for paired samples. To assess the effect
of dose changes on renal function, baseline serum creatinine and creatinine clearance were
compared with values at the end of tobramycin therapy with the same test. A p-value less
than or equal to 0.05 was considered as significant in all tests. An increase of 50% of serum
creatinine from baseline was considered as a marker of acute kidney injury (AKI).

3. Results

During the study period of one year, 78 tobramycin courses were administered in
61 patients. One patient was excluded because his age was ≤18 years. The characteristics
of the population are presented in Table 1 and the PK results in Table 2. The tobramycin me-
dian initial dose (9.2 mg/kg) was slightly lower than the recommended dose of 10 mg/kg,
and only 27% of the initial doses were within the range 10–15 mg/kg. Renal function
was normal in most patients. Mild renal impairment (creatinine clearance between 60
and 90 mL/min) was observed in eighteen (23%) patients and moderate renal impairment
(creatinine clearance between 30 and 60 mL/min) was observed in one (1.3%) patient. No
patients had severe renal impairment.

The tobramycin PK model fit the data very well, as shown in Figure 2. The model
predictions were highly correlated with the observations (R2 > 0.99). The predictive perfor-
mance was very good with a median (interquartile range) prediction error of −0.11 mg/L
(−0.8; 0) and a median absolute percentage error of 4.9% (2.5%; 24.4%).
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Table 1. Patient characteristics.

Variable Value

Number of patients (number of women/men) 77 (53/24)
Age (years) 32.4 ± 10

Body weight (kg) 57.5 ± 12.3
Body mass index (kg/m2) 20.9 ± 4.0

Tobramycin initial dose (mg) 518.2 ± 98.2
Tobramycin initial dose (mg/kg) 9.16 ± 1.42

Tobramycin initial dose between 10–15 mg/kg 27.3%
Baseline CLCR (mL/min) 112.7 ± 28.4

CLCR at the end of therapy (mL/min) a 112.6 ± 33.3
Difference between final and initial CLCR (mL/min) 0.62 ± 17.8

Serum creatinine increase ≥50% from baseline 1.3 % (n = 1)
a serum creatinine at the end of therapy was not available for eight patients. Values are given as mean ± standard
deviation unless otherwise stated. Abbreviations: CLCR, creatinine clearance.

Table 2. Pharmacokinetic results.

Variable Value

Infusion time (min) 35.9 ± 7.4
Cmax post-infusion sampling time (min) 32.1 ± 8.9

Measured Cmax (mg/L) 27.8 ± 5.4
Estimated Cmax (mg/L) 27.0 ± 5.2

Cmaxmod (mg/L) 28.2 ± 4.3
Cmaxmod < 30 mg/L 68.8%

Cmaxmod between 30 and 40 mg/L 28.9%
Cmaxmod > 40 mg/L (%) 1.3%

Measured Cmin at 24 h (mg/L) 0.25 ± 0.48
Estimated Cmin at 24 h (mg/L) 0.22 ± 0.19

Cmin at 24 h < 0.5 mg/L (%) 88.3%
Abbreviations: Cmax, maximal concentration; Cmaxmod, concentration estimated 30 min after the end of a 30 min
infusion; Cmin, trough concentration. Values are given as mean ± standard deviation unless otherwise stated.
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After initial dosing, 68.8% of patients had a Cmaxmod value below the lower bound of
the target interval (30 mg/L). Overexposure (Cmax > 40 mg/L) was observed in only one
patient who received an initial dose of 9.2 mg/kg. Regarding Cmin, 88.3% of patients had
values < 0.5 mg/L and 67.9% of patients had a Cmin value lower than 0.2 mg/L.

Table 3 summarizes the dose changes after model-guided TDM. Overall, the dose
was unchanged in twenty-eight cases (36.4%), while it was increased in forty-six cases
(59.7%) and decreased in three cases (3.9%). After the physicians’ decision, 64 patients
(83.1%) were expected to have tobramycin concentrations between 30 and 40 mg/L, with
doses ranging from 6.1 to 14.7 mg/kg (median: 10.2 mg/kg). The comparison of the
initial and adjusted doses of tobramycin is shown in Figure 3. While the initial doses
were evenly distributed around a median of 500 mg, the model-guided dose adjustment
resulted in a higher median dose of 550 mg (p < 0.001) and a larger variability, reflecting
the individual dosage requirements. At the end of the antibiotic course, neither a new
course nor prolongation of the cure were required for any patient, which suggests treatment
efficacy.

Table 3. Dose changes after model-guided TDM according to measured concentrations.

Estimated
Cmax Value

(mg/L)

No Dose
Change (%)

Dose Increase
(Median,

min–max) in mg

Dose Decrease
(Median,

min–max) in mg

Accepted Model-Based Dose Suggestion Targeting

Total30 mg/L
(%)

35 mg/L
(%)

Between 30
and 35 mg/L

40 mg/L
(%)

<30 12 (21.4%) 44 (100, 25–200) 0 24 (42.9%) 6 (10.7%) 14 (25%) 0 (0%) 56 (72.7%)
30–35 11 (78.6%) 2 (87.5, 75–100) 1 (75) 2 (14.3%) 1 (7.1%) 0 (0%) 0 (0%) 14 (18.2%)
35–40 4 (66.7%) 0 2 (112.5, 25–200) 1 (16.7%) 1 (16.7%) 0 (0%) 0 (0%) 6 (7.8%)
>40 1 (100%) 0 0 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (1.3%)

Total 28 (36.4%) 46 (59.7%) 3 (3.9%) 27 (35.1%) 8 (10.4%) 14 (18.2%) 0 (0%) 77 (100%)
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Regarding the renal function under therapy, there was no statistical difference between
serum creatinine at baseline and at the end of therapy (p = 0.697). Individual changes in
serum creatinine during therapy are shown in Figure 4. Of note, serum creatinine at the end
of therapy was not available in eight patients. Only one patient (1.3%) showed an increase
in serum creatinine greater than 50% from baseline, which was considered as a marker of
acute kidney injury. This patient received an initial dose of 500 mg (8.2 mg/kg), which was
increased to 650 mg (10.7 mg/kg) after model-guided TDM showed a measured Cmax of
26.8 mg/L (Cmaxmod = 24.6 mg/L). His serum creatinine increased during therapy from 76
to 139 µM.
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4. Discussion

The appropriate treatment of Pseudomonas aeruginosa pulmonary exacerbations in
CF patients has a major impact on patients’ quality of life. In this context, patients are
expected to receive numerous courses of antibiotics with potential side effects associated.
TDM of antibiotics has been supported in numerous reports and guidelines for optimizing
the efficacy and safety of antimicrobial therapy, especially in special populations [19,20].
However, TDM alone may not be an optimal approach if the interpretation of results and
dose adjustments remain empirical. This was reported more than 20 years ago by van
Lent-Evers et al., who showed that active model-guided TDM of aminoglycosides was
associated with better concentration target attainment and clinical outcomes than standard
TDM with empirical dosing [21]. In a recent study from our group, we have shown that
empirical dose adjustment performed by physicians after TDM of tobramycin in CF adult
patients often failed to adequately modify tobramycin dosages for achieving the Cmax
target [18]. In patients with observed tobramycin Cmax lower than the target, empirical
dose increases were too low for achieving the expected values in most patients. This
previous study and the present one confirm that model-guided TDM, now described as
MIPD, is more effective than conventional TDM in adjusting the dosage of tobramycin in
goal-oriented therapy.
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Considering that the initial dose represented the local dosing practice before imple-
mentation of MIPD in our cohort, our results showed that most patients (74%) received
an initial tobramycin dose lower than 10 mg/kg. As a result, 68% of patients exhibited
an estimated Cmax lower than the target of 30 mg/L. The MIPD approach was effective
in changing clinician dosing practice and lead to a higher tobramycin dose. Those higher
doses were expected to result in better target attainment. However, this could not be
evaluated in the present study because TDM was not repeated during PE therapy and a
second cure within the same year was rarely administered.

In our experience, the MIPD service provided by pharmacists was well accepted by
physicians, with an acceptance rate of dose suggestion of 83.1%.

Physicians declined a model-based dose adjustment in n = 13 patients (16.9%) and
decide to keep the initial dose despite under- or over-exposure. The main reasons were
concerns about patient frailty, renal function, or pregnancy.

Importantly, there was no significant change in renal function with the dose increases
suggested by MIPD. Only one patient out of sixty-nine (1.4%) showed an increase in serum
creatinine over 50%. This toxicity rate is similar to the literature data [22,23]. This suggests
that higher doses of once-daily tobramycin are probably safe, although further research is
required to confirm this result.

Regarding the PK model and the software used for MIPD, we confirmed that a to-
bramycin PK model developed in children and adolescent with CF was adequate for fitting
concentration in adults. Other studies reported successful model extrapolation in popula-
tions different from the one used in model building [24,25]. A strength of the BestDoseTM

software is that it includes a hybrid-fit option, which basically consists of increasing PK
parameter ranges and reducing prior information to identify parameter values out of the
bounds of the original prior distribution [26,27]. This option was used in some patients of
our cohort when the standard fit was not adequate (data not shown).

Another strength of model-guided TDM is the ability to interpret drug concentrations
when infusion and sampling times deviate from the standards. This is especially important
in the interpretation of Cmax because a small variation in sampling time can result in quite
a large change in measured concentrations. In our study, the median sampling time for
Cmax was 30 min, but significant deviations occurred in some patients (min, 4 min; max,
69 min).

This study has some limitations. Data were collected in routine clinical practice, so
errors may have occurred in their reporting. We consider the estimated creatinine clearance
as the covariate influencing tobramycin elimination, in accordance with the original model
developed in children [17]. However, it would be interesting to evaluate other indices of
renal function in future studies, such as other creatinine-based equations (e.g., CKD-EPI,
Lund-Malmö), cystatin C-based equations, or serum cystatin C as performed elsewhere [28].
The achievement of the PK/PD objectives after dose adjustment was not evaluated because
a second TDM during therapy was not routine practice in our center. The Cmax/MIC target
was not based on measured MIC but on the CLSI breakpoint. Lower exposure may be
adequate in the case of pathogens with a lower MIC. We did not consider a clinical endpoint
of the tobramycin therapy, such as forced expiratory volume in one second (FEV) [29],
because it was not performed routinely at home in our cohort. Only nephrotoxicity was
considered in the safety assessment. Further clinical research with multiple efficacy and
safety endpoints and a longer follow-up are necessary to confirm the value of tobramycin
MIPD in patients with CF.

5. Conclusions

To conclude, in our experience in adult patients with CF, underexposure to tobramycin
was frequently observed after empirical initial dosing. Implementation of an MIPD service
provided by pharmacists to physicians resulted in significant increases in tobramycin doses
without significant impact on renal function. Dosage adjustments were well-accepted by
physicians. Further clinical evaluation is required to evaluate other potential benefits. TDM
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alone is not sufficient for precision dosing of antibiotics. MIPD appears to be a promising
step forward.

Author Contributions: Conceptualization, S.G.; methodology, J.R., V.T., R.G., L.B., S.C. (Sandrine
Charles) and S.G.; software, J.R., V.T., R.G., L.B. and S.G.; validation, J.R. and S.G.; formal analysis,
J.R. and S.G.; investigation, V.N., S.C. (Sabine Cohen), P.R., S.D., R.N.-J., I.D. and Q.R.; data curation,
V.N., S.C. (Sabine Cohen), P.R., S.D., R.N.-J., I.D. and Q.R.; writing—original draft preparation, J.R.
and S.G.; writing—review and editing, all authors; supervision, S.G.; project administration, J.R.,
S.C. (Sandrine Charles) and S.G. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding. It was performed as part of routine activity
that is supported by Hospices Civils de Lyon and Université Lyon 1.

Institutional Review Board Statement: Ethical review and approval were waived for this study
because it was an analysis of data collected in routine patient care.

Informed Consent Statement: Patient consent was waived because this was a non-interventional
study with analysis of data collected in routine patient care.

Data Availability Statement: Data are available upon demand.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Klimova, B.; Kuca, K.; Novotny, M.; Maresova, P. Cystic Fibrosis Revisited—A Review. Med. Chem. 2017, 13, 102–109. [CrossRef]

[PubMed]
2. Hauser, A.R.; Jain, M.; Bar-Meir, M.; McColley, S.A. Clinical significance of microbial infection and adaptation in cystic fibrosis.

Clin. Microbiol. Rev. 2011, 24, 29–70. [CrossRef] [PubMed]
3. Smyth, A.R.; Bell, S.C.; Bojcin, S.; Bryon, M.; Duff, A.; Flume, P.; Kashirskaya, N.; Munck, A.; Ratjen, F.; Schwarzenberg, S.J.; et al.

European Cystic Fibrosis Society Standards of Care: Best Practice guidelines. J. Cyst. Fibros. Off. J. Eur. Cyst. Fibros. Soc. 2014, 13
(Suppl. S1), S23–S42. [CrossRef] [PubMed]

4. Germovsek, E.; Barker, C.I.; Sharland, M. What do I need to know about aminoglycoside antibiotics? Arch. Dis. Child. Educ. Pract.
Ed. 2017, 102, 89–93. [CrossRef]

5. Prayle, A.; Watson, A.; Fortnum, H.; Smyth, A. Side effects of aminoglycosides on the kidney, ear and balance in cystic fibrosis.
Thorax 2010, 65, 654–658. [CrossRef]

6. Beringer, P.M.; Vinks, A.A.T.M.M.; Jelliffe, R.W.; Shapiro, B. Pharmacokinetics of tobramycin in adults with cystic fibrosis:
Implications for once-daily administration. Antimicrob. Agents Chemother. 2000, 44, 809–813. [CrossRef]

7. Castagnola, E.; Cangemi, G.; Mesini, A.; Castellani, C.; Martelli, A.; Cattaneo, D.; Mattioli, F. Pharmacokinetics and pharmacody-
namics of antibiotics in cystic fibrosis: A narrative review. Int. J. Antimicrob. Agents 2021, 58, 106381. [CrossRef]

8. El Hassani, M.; Caissy, J.-A.; Marsot, A. Antibiotics in Adult Cystic Fibrosis Patients: A Review of Population Pharmacokinetic
Analyses. Clin. Pharmacokinet. 2021, 60, 447–470. [CrossRef]

9. Darwich, A.S.; Ogungbenro, K.; Vinks, A.; Powell, J.R.; Reny, J.-L.; Marsousi, N.; Daali, Y.; Fairman, D.; Cook, J.; Lesko, L.J.; et al.
Why Has Model-Informed Precision Dosing Not Yet Become Common Clinical Reality? Lessons From the Past and a Roadmap
for the Future. Clin. Pharmacol. Ther. 2017, 101, 646–656. [CrossRef]

10. Wicha, S.G.; Märtson, A.; Nielsen, E.I.; Koch, B.C.; Friberg, L.E.; Alffenaar, J.; Minichmayr, I.K. From Therapeutic Drug Monitoring
to Model-Informed Precision Dosing for Antibiotics. Clin. Pharmacol. Ther. 2021, 109, 928–941. [CrossRef]

11. Agence Française de Sécurité Sanitaire des Produits de Santé. Update on good use of injectable aminoglycosides, gentamycin,
tobramycin, netilmycin, amikacin. Pharmacological properties, indications, dosage, and mode of administration, treatment
monitoring. Med. Mal. Infect. 2012, 42, 301–308. [CrossRef]

12. Clinical & Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility Testing, 32nd ed.; CLSI Supplement,
100; Wayne, P.A., Ed.; Clinical & Laboratory Standards Institute: Berwyn, PA, USA, 2022.

13. Zobell, J.T.; Young, D.C.; Waters, C.D.; Ampofo, K.; Stockmann, C.; Sherwin, C.M.; Spigarelli, M.G. Optimization of anti-
pseudomonal antibiotics for cystic fibrosis pulmonary exacerbations: VI. Executive summary. Pediatr. Pulmonol. 2013, 48, 525–537.
[CrossRef]

14. Flume, P.A.; Mogayzel, P.J., Jr.; Robinson, K.A.; Goss, C.H.; Rosenblatt, R.L.; Kuhn, R.J.; Marshall, B.C. The Clinical Practice
Guidelines for Pulmonary Therapies Commit altee. Cystic fibrosis pulmonary guidelines: Treatment of pulmonary exacerbations.
Am. J. Respir. Crit. Care Med. 2009, 180, 802–808. [CrossRef]

15. Michaud, M.; Michaud Peyrot, C. Réglementation de la recherche médicale en France. Rev. Med. Interne 2020, 41, 98–105.
[CrossRef]

175



Pharmaceutics 2022, 14, 1750

16. Neely, M.; Philippe, M.; Rushing, T.; Fu, X.; Van Guilder, M.; Bayard, D.; Schumitzky, A.; Bleyzac, N.; Goutelle, S. Accurately
achieving target busulfan exposure in children and adolescents with very limited sampling and the bestdose software. Ther. Drug
Monit. 2016, 38, 332–342. [CrossRef]

17. Praet, A.; Bourguignon, L.; Vetele, F.; Breant, V.; Genestet, C.; Dumitrescu, O.; Doleans-Jordheim, A.; Reix, P.; Goutelle,
S. Population Pharmacokinetic Modeling and Dosing Simulations of Tobramycin in Pediatric Patients with Cystic Fibrosis.
Antimicrob. Agents Chemother. 2021, 65, e00737-21. [CrossRef]

18. Praet, A.; Charles, S.; Wdowik, J.; Viviane, N.A.V.E.; Durupt, S.; Reynaud, Q.; Raphaële, N.J.; Durieu, I.; Philippe, R.E.I.X.;
Bourguignon, L.; et al. Tobramycin Therapeutic Drug Monitoring in Adult patients with Cystic Fibrosis: Clinical-Based Empiric
Dosing versus Model-Informed Precision Dosing. Res. Sq. 2022, preprint. [CrossRef]

19. Guilhaumou, R.; Benaboud, S.; Bennis, Y.; Dahyot-Fizelier, C.; Dailly, E.; Gandia, P.; Goutelle, S.; Lefeuvre, S.; Mongardon, N.;
Roger, C.; et al. Optimization of the treatment with beta-lactam antibiotics in critically ill patients-guidelines from the French
Society of Pharmacology and Therapeutics (Société Française de Pharmacologie et Thérapeutique-SFPT) and the French Society
of Anaesthesia and Intensive Care Medicine (Société Française d’Anesthésie et Réanimation-SFAR). Crit. Care 2019, 23, 104.
[CrossRef]

20. Cusumano, J.A.; Klinker, K.; Huttner, A.; Luther, M.K.; Roberts, J.A.; Laplante, K.L. Towards precision medicine: Therapeutic
drug monitoring-guided dosing of vancomycin and β-lactam antibiotics to maximize effectiveness and minimize toxicity. Am. J.
Health Syst. Pharm. AJHP Off. J. Am. Soc. Health Syst. Pharm. 2020, 77, 1104–1112. [CrossRef]

21. van Lent-Evers, N.A.E.M.; Mathôt, R.A.A.; Geus, W.P.; Van Hout, B.A.; Vinks, A. Impact of Goal-Oriented and Model-Based
Clinical Pharmacokinetic Dosing of Aminoglycosides on Clinical Outcome: A Cost-Effectiveness Analysis. Ther. Drug Monit.
1999, 21, 63–73. [CrossRef]

22. Hewer, S.C.L.; Smyth, A.R.; Brown, M.; Jonets, A.P.; Hickey, H.; Kenna, D.; Ashby, D.; Thompson, A.; Williamson, P.R. Intravenous
versus oral antibiotics for eradication of Pseudomonas aeruginosa in cystic fibrosis (TORPEDO-CF): A randomised controlled trial.
Lancet Respir. Med. 2020, 8, 975–986. [CrossRef]

23. Rougier, F.; Claude, D.; Maurin, M.; Sedoglavic, A.; Ducher, M.; Corvaisier, S.; Jelliffe, R.; Maire, P. Aminoglycoside Nephrotoxicity:
Modeling, Simulation, and Control. Antimicrob. Agents Chemother. 2003, 47, 1010–1016. [CrossRef]

24. Neely, M.; Jelliffe, R. Practical Therapeutic Drug Management in HIV-Infected Patients: Use of Population Pharmacokinetic
Models Supplemented by Individualized Bayesian Dose Optimization. J. Clin. Pharmacol. 2008, 48, 1081–1091. [CrossRef]

25. Colin, P.J.; Eleveld, D.J.; Hart, A.; Thomson, A.H. Do Vancomycin Pharmacokinetics Differ Between Obese and Non-obese
Patients? Comparison of a General-Purpose and Four Obesity-Specific Pharmacokinetic Models. Ther. Drug Monit. 2021, 43,
126–130. [CrossRef]

26. Goutelle, S.; Woillard, J.B.; Neely, M.; Yamada, W.; Bourguignon, L. Nonparametric Methods in Population Pharmacokinetics. J.
Clin. Pharmacol. 2022, 62, 142–157. [CrossRef]

27. Goutelle, S.; Jay, L.; Boidin, C.; Cohen, S.; Bourguignon, L.; Bleyzac, N.; Wallet, F.; Vassal, O.; Friggeri, A. Pharmacoki-
netic/Pharmacodynamic Dosage Individualization of Cefepime in Critically Ill Patients: A Case Study. Ther. Drug Monit. 2021,
43, 451–454. [CrossRef]

28. Lu, J.-J.; Chen, M.; Lv, C.-L.; Zhang, R.; Lu, H.; Cheng, D.-H.; Tang, S.-Y.; Liu, T.-T. A population pharmacokinetics model for
vancomycin dosage optimization based on serum cystatin C. Eur. J. Drug Metab. Pharmacokinet. 2020, 45, 535–546. [CrossRef]

29. Mouton, J.W.; Jacobs, N.; Tiddens, H.; Horrevorts, A.M. Pharmacodynamics of tobramycin in patients with cystic fibrosis. Diagn
Microbiol Infect. Dis. 2005, 52, 123–127. [CrossRef]

176



Citation: Westra, N.; Touw, D.;

Lub-de Hooge, M.; Kosterink, J.;

Oude Munnink, T. Pharmacokinetic

Boosting of Kinase Inhibitors.

Pharmaceutics 2023, 15, 1149.

https://doi.org/10.3390/

pharmaceutics15041149

Academic Editors: Barna Vasarhelyi

and Gellért Balázs Karvaly

Received: 28 February 2023

Revised: 21 March 2023

Accepted: 3 April 2023

Published: 5 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceutics

Review

Pharmacokinetic Boosting of Kinase Inhibitors
Niels Westra 1, Daan Touw 1,2, Marjolijn Lub-de Hooge 1, Jos Kosterink 1,3 and Thijs Oude Munnink 1,*

1 Department of Clinical Pharmacy and Pharmacology, University Medical Center Groningen,
University of Groningen, 9713 GZ Groningen, The Netherlands

2 Pharmaceutical Analysis, Groningen Research Institute of Pharmacy, University of Groningen,
9713 AV Groningen, The Netherlands

3 PharmacoTherapy, Epidemiology & Economics, Groningen Research Institute of Pharmacy,
University of Groningen, 9713 AV Groningen, The Netherlands

* Correspondence: t.h.oude.munnink@umcg.nl

Abstract: (1) Introduction: Pharmacokinetic boosting of kinase inhibitors can be a strategy to enhance
drug exposure and to reduce dose and associated treatment costs. Most kinase inhibitors are pre-
dominantly metabolized by CYP3A4, enabling boosting using CYP3A4 inhibition. Kinase inhibitors
with food enhanced absorption can be boosted using food optimized intake schedules. The aim of
this narrative review is to provide answers to the following questions: Which different boosting
strategies can be useful in boosting kinase inhibitors? Which kinase inhibitors are potential candi-
dates for either CYP3A4 or food boosting? Which clinical studies on CYP3A4 or food boosting have
been published or are ongoing? (2) Methods: PubMed was searched for boosting studies of kinase
inhibitors. (3) Results/Discussion: This review describes 13 studies on exposure boosting of kinase
inhibitors. Boosting strategies included cobicistat, ritonavir, itraconazole, ketoconazole, posaconazole,
grapefruit juice and food. Clinical trial design for conducting pharmacokinetic boosting trials and
risk management is discussed. (4) Conclusion: Pharmacokinetic boosting of kinase inhibitors is a
promising, rapidly evolving and already partly proven strategy to increase drug exposure and to
potentially reduce treatment costs. Therapeutic drug monitoring can be of added value in guiding
boosted regimens.

Keywords: pharmacokinetic boosting; pharmacokinetic enhancement; ritonavir; cobicistat; kinase
inhibitors; small molecule kinase inhibitors

1. Introduction

Pharmacokinetic boosting, or pharmacokinetic enhancement, is a strategy to optimize
the therapeutic properties of a drug [1]. The mechanisms for pharmacokinetic boosting can
roughly be divided into four groups [1]: (1) inhibition of hepatic metabolizing enzymes,
such as ritonavir inhibiting cytochrome p450 (CYP450); (2) inhibition of drug-specific
enzymes, such as carbidopa-inhibiting DOPA decarboxylase; (3) inhibition of bacterial
β-lactamase to enhance the antibiotic properties of β-lactam antibiotics, such as clavulanic
acid-inhibiting β-lactamase; and (4) absorption enhancement with food.

The first described pharmacokinetic booster was probenecid. During World War II,
there was a shortage of penicillin due to the increased demand for penicillin because of the
many war casualties. To enable treating more patients with the limited available amount
of penicillin, probenecid was used to increase penicillin exposure by decreasing the renal
excretion of penicillin [2].

Strategies to enable treating more patients with the same amount of drug are not only
of interest in situations of limited availability of drug supplies but can also be of value
when drug availability is limited due to high costs. In 1989, the concomitant adminis-
tration of ketoconazole and cyclosporin was investigated in renal transplant recipients
to reduce the high costs associated with cyclosporin use [3]. Cyclosporin boosted with
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ketoconazole resulted in a reduction of 77% in cyclosporin dosing, while maintaining the
immunosuppressive effect of cyclosporin [3].

Pharmacokinetic boosting can be a strategy to enhance the pharmacokinetic profile
of a drug. Ritonavir is a protease inhibitor, widely used in the treatment of human im-
munodeficiency virus (HIV) disease. The potent CYP450-inhibiting properties of ritonavir
has led to the use of ritonavir as a pharmacokinetic booster of HIV-protease inhibitors in
several HIV combination regimes [4]. In this setting, ritonavir results in a >50 fold increase
in saquinavir plasma concentration, and better efficacy of saquinavir is accomplished when
given concomitantly [5].

Healthcare costs have been rising worldwide, and the costs are projected to further
increase at an annual rate of 3–6% [6]. In particular, newly developed drugs for the
treatment of solid and hematologic malignancies are the chief contributors to these rising
treatment costs [6,7]. In countries without universal healthcare insurance, the costs for
drugs can become unaffordable for individual patients [6]. Pharmacokinetic boosting of
expensive drugs can be a promising strategy to reduce rising treatment costs and to allow
more patients to benefit from new effective treatments.

Pharmacokinetic boosting, furthermore, is of interest for anticancer drugs with low
bioavailability [8–10]. In addition to pharmacokinetic boosting, exposure to anticancer
drugs with low bioavailability can be increased by various changes to a formulation, such as
lipid-based nanocarriers that increase bioavailability [10]. Novel anticancer drugs with bet-
ter oral bioavailability have been successfully developed, such as cedazuridine/decitabine
for the treatment of myeloid malignancies [11].

In the last two decades, many new kinase inhibitors and other oral targeted inhibitor
drugs have been approved for treatment of malignant and auto-immune diseases. These
often very expensive drugs can be attractive candidates for pharmacokinetic boosting
since most are metabolized by CYP3A4 [12], and some have poor absorption that can be
enhanced by food.

The aim of this narrative review is to provide answers to the following questions:
(1) Which different boosting strategies can be useful in boosting kinase inhibitors?
(2) Which kinase inhibitors are potential candidates for either CYP3A4 or food boost-
ing? (3) Which clinical studies on CYP3A4 or food boosting have been published or are
ongoing, and what are important lessons from these studies? Additionally, the benefits
of boosting, the risks of boosting, clinical trial design and the role of therapeutic drug
monitoring (TDM) in pharmacokinetic boosting are discussed.

2. Materials and Methods

The selection of potential boosting candidates was based on ATC code, as derived from
the WHO ATC/DDD index [13]. Drugs with ATC code L01E, L01XK, L01XG, L01XJ, L01XK,
L01XX, L04AA, L01XX52, L01XX59, L01XX62, L01XX73, L01XX77, L04AA29, L04AA32,
L04AA37, L04AA44, L04AA46, L04AA49, L04AA56, L04AA59 and D11AH08 were se-
lected to be profiled for pharmacokinetic boosting. This selection contains tyrosine kinase
inhibitors, other kinase inhibitors and other oral targeted inhibitor drugs, which will col-
lectively be described as kinase inhibitors for simplicity and recognizability. Parenterally
administered drugs and drugs without FDA or EMA approval were excluded, resulting in
85 drugs to be profiled for either CYP3A4 boosting or food boosting. A QuickScan algo-
rithm was used, followed by criteria score-based ranking (Figure 1 and Table 1). Relevant
drug characteristics used for selecting candidates and the information in Tables 2–4 were
retrieved from the Summary of Product Characteristics (SmPC), European Public Assess-
ment Reports (EPAR) and UpToDate [14,15]. The known inhibitory effects of CYP3A4
inhibitors on the potential boosting candidate were retrieved from UpToDate interaction
checker by entering the potential boosting candidate in combination with cobicistat [16].
To identify the kinase inhibitors used in the treatment of malignancies and auto-immune
disease which are the most eligible candidates for pharmacokinetic boosting, we employed
a systematic approach using predefined criteria. For CYP3A4 boosting, the target drug
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needed to be a substrate for CYP3A4, excluding seven drugs. The remaining 78 drugs
were systematically ranked based on criteria which are important for selecting potential
boosting candidates. In the case where the boosting candidate forms active metabolites that
contribute significantly to the pharmacological effect, the exposure of the active metabolites
can be decreased by CYP3A4 boosting, making CYP3A4 boosting less rational. We defined
three scores for the active metabolites criterium: 0—no active metabolites or unknown;
1—active metabolites with minor (<10%) contribution to effect; 2—active metabolites with
major (>10%) contribution to effect. The second ranking criterium for selecting potential
CYP3A4 boosting candidates is the already known effect of strong CYP3A4 inhibitors on the
exposure of boosting candidates. This information is derived from drug–drug interaction
studies. We defined four scores for the increase in exposure criterium: 0—>200% increase
in AUC; 1—100–200% increase in AUC; 2—50–100 % increase in AUC; 5—<50% increase in
AUC or unknown. Drugs with mg-based pricing or those for which only one strength of
the drug is available are scored 0. Drugs with flat-based pricing for all available strengths
are scored 1. As an exception to the aforementioned pricing scores, sonidegib was scored
1 because no dose reduction is possible with the one available strength of sonidegib. The
therapeutic value of a drug was not taken into account; it was assumed that all kinase
inhibitors have an equivalent therapeutic value.
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Table 1. Scoring criteria of potential CYP3A4 boosting candidates.

Active Metabolites Known Effect of CYP3A4
Inhibitor on AUC

Pricing of Different Drug
Strengths

0—no active metabolites
or unknown 0—>200% increase in AUC 0—mg-based pricing or one

strength available

1—minor active metabolites
(<10% responsible for efficacy) 1—100–200% increase in AUC 1—flat-based pricing for all

available strengths

2—major active metabolites
(>10% responsible for efficacy) 2—50–100% increase in AUC

5—<50% or unknown increase
in AUC

Table 2. Comparison of relevant drug properties of ritonavir and cobicistat. Relevant drug char-
acteristics were retrieved from the Summary of Product Characteristics (SmPC), European Public
Assessment Reports (EPAR) and UpToDate [14,15].

Ritonavir Cobicistat

Antiviral activity Yes, HIV protease inhibitor; inhibits
HIV-1 and HIV-2 No

Dosage as pharmacokinetic enhancer 100 mg or 200 mg; QD or BID 150 mg QD

Protein binding 99% 98%

Half-life 3–5 h 3–4 h

Distribution volume 20–40 L Not known

Metabolized by CYP3A4 and to lesser extent CYP2D6 CYP3A4 and to lesser extent CYP2D6

Inhibitor of CYP3A4 (strong), CYP2D6 (minor),
P-gp and OATP1B1

CYP3A4 (strong) CYP2D6 (minor), P-gp,
BCRP, MATE1, OATP1B1, OATP1B3

Inducer of CYP1A2, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, UGT -

In vitro CYP3A4 inhibition duration Irreversible Irreversible

Table 3. Selection of potential CYP3A4 boosting candidates (n = 78). Drugs are ranked according to
ranking score (low→ high) and on alphabet within the same ranking score. Candidates with the
lowest ranking score have the most potential for CYP3A4 boosting. Relevant drug characteristics
were retrieved from the Summary of Product Characteristics (SmPC), European Public Assessment
Reports (EPAR) and UpToDate [14,15].

Drug
Pricing of
Different
Strengths

Metabolism Substrate of
Transporters Bioavailability

CYP3A4
Inhibitory

Drug

Effect on
AUC (Fold

Change)

Effect on
Cmax (Fold
Change)

Ranking
Score

Adagrasib One strength
available

CYP3A4, however at steady
state, adagrasib inhibits its
own CYP3A4 metabolism,
which allows CYP2C8,
CYP1A2, CYP2B6, CYP2C9,
and CYP2D6 to contribute
to metabolism.

BCRP/ABCG2 - Itraconazole 4 2.4 0

Bosutinib
Strength-
based
pricing

CYP3A4 to primarily inactive
metabolites M2, M5 and M6 -

34% when
administered
with food

Ketoconazole 8.6 5.2 0

Cobimetinib One strength
available CYP3A4 P-gp/ABCB1 46% Itraconazole 6.7 3.2 0

Duvelisib
Strength-
based
pricing

CYP3A4 BCRP/ABCG2 42% Ketoconazole 4 1.7 0

Encorafenib One strength
available

CYP3A4 and to a lesser extent
by CYP2C19 and CYP2D6 P-gp/ABCB1

≥86% of the
dose is
absorbed

Posaconazole 3 1.7 0
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Table 3. Cont.

Drug
Pricing of
Different
Strengths

Metabolism Substrate of
Transporters Bioavailability

CYP3A4
Inhibitory

Drug

Effect on
AUC (Fold

Change)

Effect on
Cmax (Fold
Change)

Ranking
Score

Fedratinib One strength
available

CYP3A4, CYP2C19, and
flavin-containing
monooxygenase 3 (FMO3)

OATP1B1/1B3
(SLCO1B1/1B3) - Ketoconazole 3.1–3.9 1.9 0

Lapatinib One strength
available

CYP3A4 and CYP3A5 and to a
lesser extent by CYP2C19 and
CYP2C8 to metabolites

BCRP/ABCG2
and P-gp/
ABCB1

- Ketoconazole 3.6 2.1 0

Larotrectinib
Strength-
based
pricing

CYP3A4; forms a metabolite
(activity unknown)

BCRP/ABCG2
and P-gp/
ABCB1

34% Itraconazole 4.3 2.8 0

Pralsetinib One strength
available

CYP3A4 and to a lesser extent
CYP2D6 and CYP1A2

BCRP/ABCG2
and P-gp/
ABCB1

- Itraconazole 3.5 1.8 0

Zanubrutinib One strength
available CYP3A4 - - Ketoconazole 3.8 2.6 0

Avacopan One strength
available CYP3A4 - - Itraconazole 2.19 1.87 1

Avapritinib Flat pricing
CYP3A4 and CYP3A5 and to
lesser extent CYP2C9, which
forms the metabolite M690

- - Itraconazole 7 - 1

Axitinib
Strength-
based
pricing

CYP3A4/5 and to a lesser
extent CYP1A2, CYP2C19
and UGT1A1

58% Ketoconazole 2.1 1.5 1

Brigatinib
Strength-
based
pricing

CYP2C8 and CYP3A4
BCRP/ABCG2
and P-gp/
ABCB1

- Itraconazole 2.01 - 1

Ceritinib One strength
available CYP3A4 P-gp/ABCB1 - Ketoconazole 2.9 1.2 1

Crizotinib Flat pricing CYP3A4/5 P-gp/ABCB1 43% Ketoconazole 3.2 1.7 1

Dasatinib
Strength-
based
pricing

CYP3A4, flavin-containing
mono-oxygenase-3 (FOM-3)
and UGT to an active
metabolite (minor role in
the efficacy)

- - Ketoconazole 4.8 3.6 1

Glasdegib
Strength-
based
pricing

CYP3A4 and to a lesser extent
CYP2C8 and UGT1A9 BCRP/ABCG2 77% Ketoconazole 2.4 1.4 1

Ibrutinib
Strength-
based
pricing

CYP3A and to a lesser extent
CYP2D6 to form active
metabolite PCI-45227(minor
role in the efficacy)

- 2.9% Ketoconazole 24 29 1

Ivosidenib One strength
available

CYP3A4 and to a lesser extent
the N-dealkylation and
hydrolytic pathways

P-gp/ABCB1 - Itraconazole 2.7 No change 1

Nilotinib Flat pricing CYP3A4 to primarily
inactive metabolites P-gp/ABCB1 50% Ketoconazole 3 1.8 1

Olaparib One strength
available CYP3A4 P-gp/ABCB1 - Itraconazole 2.7 1.4 1

Ribociclib One strength
available

CYP3A4 to metabolites M13,
M4 and M1 (minor role
in the efficacy)

- - Ritonavir 3.2 1.7 1

Selpercatinib
Strength-
based
pricing

CYP3A4 BCRP/ABCG2 73% Itraconazole 2.3 1.3 1

Venetoclax
Strength-
based
pricing

CYP3A to form the major
metabolite M27 (BCL-2
inhibitory activity
58-fold lower)

BCRP/ABCG2
and P-gp/
ABCB1

- Ritonavir 6.1–8.1 2.3–2.4 1

Acalabrutinib One strength
available

CYP3A4 enzymes and to a
lesser extent glutathione
conjugation and amide
hydrolysis to form active
metabolite ACP-5862

BCRP/ABCG2
and P-gp/
ABCB1

25% Itraconazole 5.1 3.7–3.9 2

Dabrafenib
Strength-
based
pricing

CYP2C8 and CYP3A4 to form
active metabolite
hydroxy-dabrafenib

BCRP/ABCG2
and P-gp/
ABCB1

95% Ketoconazole 1.71 - 2

Erlotinib
Strength-
based
pricing

CYP3A4 and to a lesser extent
CYP1A1, CYP1A2, and CYP1C
to form metabolites
(activity unknown)

-
60% without
food, 100%
with food

Ketoconazole 1.69 1.52 2
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Table 3. Cont.

Drug
Pricing of
Different
Strengths

Metabolism Substrate of
Transporters Bioavailability

CYP3A4
Inhibitory

Drug

Effect on
AUC (Fold

Change)

Effect on
Cmax (Fold
Change)

Ranking
Score

Everolimus Flat pricing CYP3A4 and forms six
metabolites with minor activity P-gp/ABCB1 30% Ketoconazole 15 3.9 2

Gefitinib One strength
available

CYP3A4 and to a lesser extent
CYP2D6. Forms metabolites BCRP/ABCG2 60% Itraconazole 1.16–1.78 1.32–1.51 2

Gilteritinib One strength
available

CYP3A4 to form active
metabolites M17, M16 and M10
(minor role in the efficacy)

P-gp/ABCB1 - Itraconazole 2.2 1.2 2

Infigratinib
Strength-
based
pricing

CYP3A4 and to a lesser extent
FMO3 to form active
metabolites BHS697
and CQM157

BCRP/ABCG2
and P-gp/
ABCB1

- Itraconazole 7.22 2.64 2

Mobocertinib One strength
available

CYP3A to form active
metabolites AP32960
and AP32914

P-gp/ABCB1 37% Itraconazole 6.3 2.9 2

Neratinib One strength
available

CYP3A4 and flavin-containing
monooxygenase to form active
metabolites M3, M6, M7,
and M11

P-gp/ABCB1 - Ketoconazole 4.8 3.2 2

Pacritinib One strength
available

CYP3A4 and forms the 2 major
metabolites M1 and M2
(activity unknown)

- - Clarithromycin 1.8 1.3 2

Pazopanib One strength
available

CYP3A4 and P-gp/ABCB1 and
to a lesser extent by CYP1A2,
CYP2C8 and BCRP/ABCG2

BCRP/ABCG2
and P-gp/
ABCB1

- Ketoconazole 1.66 1.45 2

Pexidartinib One strength
available

CYP3A4 and glucuronidation
via UGT1A4 to form an
inactive metabolite

- - Itraconazole 1.73 1.48 2

Sonidegib One strength
available CYP3A4 - <10% Ketoconazole 2.2 1.5 2

Tofacitinib Flat pricing CYP3A4 and CYP2C19 to form
inactive metabolites - 74% Itraconazole 2.04 1.15 2

Upadacitinib
Strength-
based
pricing

CYP3A4 - - Ketoconazole 1.75 1.7 2

Entrectinib Flat pricing CYP3A4 to form the active
metabolite M5 - - Itraconazole 6 1.7 3

Idelalisib Flat pricing

Aldehyde oxidase and CYP3A,
which forms major metabolite
GS-563117, to a lesser
extent UGT1A4

BCRP/ABCG2
and P-gp/
ABCB1

- Ketoconazole 1.8 No change 3

Nintedanib Flat pricing

Hydrolytic cleavage by
esterases to inactive metabolite
BIBF 1202, which is further
UGT 1A1, UGT 1A7, UGT 1A8,
and UGT 1A10 to BIBF 1202
glucuronide, and to a lesser
extent CYP3A4

OCT1 and
P-gp/ABCB1 5% Ketoconazole 1.6 1.8 3

Palbociclib Flat pricing CYP3A4 and SULT2A1 - 46% Itraconazole 1.87 1.34 3

Pemigatinib Flat pricing CYP3A4
BCRP/ABCG2
and P-gp/
ABCB1

- Itraconazole 1.88 1.17 3

Ponatinib Flat pricing
CYP3A4 and to a lesser extent
CYP2C8, CYP2D6,
and CYP3A5

BCRP/ABCG2
and P-gp/
ABCB1

- Ketoconazole 1.78 1.47 3

Ripretinib One strength
available

CYP3A4 and to a lesser extent
CYP2C8 and CYP2D6 to form
active metabolite
DP-5439(activity unknown)

BCRP/ABCG2
and P-gp/
ABCB1

- Itraconazole 1.99 1.36 3

Abemaciclib Flat pricing
CYP3A4 to form active
metabolites M2, M20, M18
and M1

BCRP/ABCG2
and P-gp/
ABCB1

45% Clarithromycin 2.5 - 4

Midostaurin One strength
available

CYP3A4 to form active
metabolites CGP62221
and CGP52421

- - Ketoconazole 10.4 1.8 4

Sunitinib
Strength-
based
pricing

CYP3A4 to form active
metabolite SU12662 - - Ketoconazole 1.51 1.49 4

Apremilast One strength
available

CYP3A4 and to a lesser extent
CYP1A2 and CYP2A6 P-gp/ABCB1 73% - - - 5

Baricitinib
Strength-
based
pricing

CYP3A4
BCRP/ABCG2
and P-gp/
ABCB1

80% - - - 5
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Table 3. Cont.

Drug
Pricing of
Different
Strengths

Metabolism Substrate of
Transporters Bioavailability

CYP3A4
Inhibitory

Drug

Effect on
AUC (Fold

Change)

Effect on
Cmax (Fold
Change)

Ranking
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Erdafitinib
Strength-
based
pricing

CYP2C9 and CYP3A4 P-gp/ABCB1 Itraconazole 1.34 No change 5

Lorlatinib
Strength-
based
pricing

CYP3A4 and UGT1A4 and to a
lesser extent CYP2C8,
CYP2C19, CYP3A5
and UGT1A3

- 81% Itraconazole 1.42 1.24 5

Selumetinib
Strength-
based
pricing

CYP3A4 and to a lesser extent
BCRP/ABCG2, CYP1A2,
CYP2A6, CYP2C19, CYP2C9,
CYP2E1, CYP3A4,
P-glycoprotein/ABCB1,
UGT1A1 and UGT1A3

BCRP/ABCG2
and P-gp/
ABCB1

62% Itraconazole 1.49 1.19 5

Sotorasib One strength
available CYP3A4, CYP3A5 and CYP2C8 - - - - - 5

Tucatinib
Strength-
based
pricing

CYP2C8 and to a lesser
extent CYP3A BCRP/ABCG2 - - - - 5

Vemurafenib One strength
available

BCRP/ABCG2 and CYP3A4
and to a lesser extent
P-gp/ABCB1

BCRP/ABCG2
and P-gp/
ABCB1

64% Itraconazole 1.4 1.4 5

Ruxolitinib Flat pricing
CYP3A4 and to lesser extent
CYP2C9 to form active
metabolites

- - Ketoconazole 1.91 1.33 5

Alpelisib Flat pricing

Chemical and enzymatic
hydrolysis to form its
metabolite and to a lesser
extent CYP3A4

BCRP/ABCG2 - - - - 6

Asciminib Flat pricing CYP3A4, UGT2B7
and UGT2B17

BCRP/ABCG2
and P-gp/
ABCB1

- Clarithromycin 1.36 1.19 6

Cabozantinib Flat pricing CYP3A4 - - Ketoconazole 1.36 - 6

Capmatinib Flat pricing CYP3A4 and aldehyde oxidase P-gp/ABCB1 >70% Itraconazole 1.42 No change 6

Enasidenib Flat pricing

CYP1A2, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6,
CYP3A4, UGT1A1, UGT1A3,
UGT1A4, UGT1A9, UGT2B7
and UGT2B15

- 57% - - - 6

Futibatinib unknown CYP3A, and to a lesser extent
CYP2C9 and CYP2D6

BCRP/ABCG2
and P-gp/
ABCB1

- Itraconazole 1.41 1.51 6

Ixazomib Flat pricing
CYP3A4, CYP1A2, CYP2B6,
CYP2C8, CYP2D6, CYP2C19
and CYP2C9

P-gp/ABCB1 58% - - - 6

Lenvatinib Flat pricing CYP3A4 and aldehyde oxidase
BCRP/ABCG2
and P-gp/
ABCB1

- - - - 6

Rucaparib Flat pricing CYP2D6 and to a lesser extent
CYP1A2 and CYP3A4

BCRP/ABCG2
and P-gp/
ABCB1

36% - - - 6

Tepotinib One strength
available

CYP3A4 and CYP2C8 to form
an active metabolite P-gp/ABCB1 71.6% - - - 6

Tivozanib Flat pricing CYP3A4 - - Ketoconazole 1.12 - 6

Alectinib One strength
available

CYP3A4 to form active
metabolite M4 - 37% - - - 7

Imatinib
Strength-
based
pricing

CYP3A4 and to a lesser extent
CYP1A2, CYP2D6, CYP2C9
and CYP2C19 to form active
metabolite CGP74588

OCT1 and
P-gp/ABCB1 98% Ketoconazole 1.4 1.26 7

Regorafenib One strength
available

CYP3A4 and UGT1A9 to form
active metabolites M2 and M5 - - Ketoconazole 1.33 - 7

Sorafenib One strength
available

CYP3A4 and UGT1A9 to form
an active metabolite - 38–49% Itraconazole No change No change 7

Vandetanib
Strength-
based
pricing

CYP3A4 to form active
metabolites N-desmethyl
vandetanib and
vandetanib-N-oxide

- - Itraconazole 1.09 No change 7

183



Pharmaceutics 2023, 15, 1149

Table 3. Cont.

Drug
Pricing of
Different
Strengths

Metabolism Substrate of
Transporters Bioavailability

CYP3A4
Inhibitory

Drug

Effect on
AUC (Fold

Change)

Effect on
Cmax (Fold
Change)

Ranking
Score

Abrocitinib Flat pricing

CYP2C19 and to a lesser extent
CYP2C9, CYP3A4 and CYP2B6
to form active metabolites
3-hydroxypropyl abrocitinib
and 2-hydroxypropyl
abrocitinib

OAT1/3 60% - - - 8

Dacomitinib Flat pricing

Oxidation and glutathione
conjugation and by CYP2D6
and CYP3A4 to form active
metabolite O-desmethyl
dacomitinib

BCRP/ABCG2 80% - - - 8

Osimertinib Flat pricing CYP3A4 to form active
metabolites Z7550 and AZ5104

BCRP/ABCG2
and P-gp/
ABCB1

Itraconazole 1.24 .8 8

Table 4. Final selection of potential food boosting candidates (n = 13). Relevant drug characteristics
were retrieved from the Summary of Product Characteristics (SmPC), European Public Assessment
Reports (EPAR) and UpToDate [14,15].

Drug Pricing of Different
Strengths Bioavailability Food Effect

Avapritinib Flat pricing - AUC and Cmax increased 1.29 and 1.59-fold, respectively,
when administered with a high-fat, high-calorie meal

Cabozantinib Flat pricing - AUC and Cmax increased 1.57 and 1.41-fold, respectively,
when administered with a high-fat meal

Erlotinib Strength-based pricing 60% without food Absorption 60% in fasted state, food increases absorption
to 100%

Ibrutinib Strength-based pricing 2.9%
AUC and Cmax increased two-fold and two- to four-fold,
respectively, when administered with a high-fat,
high-calorie meal

Infigratinib Strength-based pricing -
AUC and Cmax increased 1.8- to 2.2-fold and 1.6- to
1.8-fold, respectively, when administered with a high-fat,
high-calorie meal

Ivosidenib One strength available - AUC and Cmax increased 1.24 and 1.98-fold, respectively,
when administered with a high-fat meal

Lapatinib One strength available - AUC increased three- to four-fold when administered
with food

Nilotinib Flat pricing 50% Bioavailability increased 1.82-fold when administered 30
min after a high-fat meal

Pazopanib One strength available - AUC increased two-fold when administered with a
high-fat or low-fat meal

Pexidartinib One strength available - AUC and Cmax increased two-fold when administered
with a high-fat meal

Pralsetinib One strength available - AUC and Cmax increased 2.22 and 2.04-fold, respectively,
when administered with a high-fat meal

Sonidegib One strength available <10% AUC increased seven- to eight-fold when administered
with a high-fat meal

Sotorasib One strength available - AUC increased 1.25-fold when administered with a
high-fat meal

Kinase inhibitors that are potential candidates for food boosting have been selected
using a similar approach. For food boosting, the manufacturer’s label administration
recommendation must be to ‘take without food’ or must state that some specific foods
cannot be taken in combination with the target drug. Drugs where food has a decreasing
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effect on the exposure of the target drug are excluded. This QuickScan algorithm for
selecting CYP3A4 and/or food boosting candidate is shown in Figure 1.

The PubMed database was used for reviewing available publications. For publications
about CYP3A4 boosting, we used the following search query in PubMed: (abemaciclib
OR abrocitinib OR acalabrutinib OR adagrasib OR afatinib OR alectinib OR alpelisib OR
apremilast OR asciminib OR avacopan OR avapritinib OR axitinib OR baricitinib OR
binimetinib OR bosutinib OR brigatinib OR cabozantinib OR capmatinib OR ceritinib OR
cobimetinib OR crizotinib OR dabrafenib OR dacomitinib OR dasatinib OR deucravacitinib
OR duvelisib OR enasidenib OR encorafenib OR entrectinib OR erdafitinib OR erlotinib
OR everolimus OR fedratinib OR futibatinib OR gefitinib OR gilteritinib OR glasdegib
OR ibrutinib OR idelalisib OR imatinib OR infigratinib OR ivosidenib OR ixazomib OR
lapatinib OR larotrectinib OR lenvatinib OR lorlatinib OR midostaurin OR mobocertinib
OR neratinib OR nilotinib OR nintedanib OR niraparib OR olaparib OR osimertinib OR
pacritinib OR palbociclib OR pazopanib OR pemigatinib OR pexidartinib OR ponatinib
OR pralsetinib OR regorafenib OR ribociclib OR ripretinib OR rucaparib OR ruxolitinib
OR selpercatinib OR selumetinib OR sonidegib OR sorafenib OR sotorasib OR sunitinib
OR talazoparib OR tepotinib OR tivozanib OR tofacitinib OR trametinib OR tucatinib
OR upadacitinib OR vandetanib OR vemurafenib OR venetoclax OR vismodegib OR
zanubrutinib) AND (clarithromycin OR cobicistat OR erythromycin OR itraconazole OR
ketoconazole OR posaconazole OR ritonavir OR voriconazole OR grapefruit juice).

For publications about food boosting, the following search query was used in PubMed:
(Avapritinib OR Cabozantinib OR Erlotinib OR Ibrutinib OR Infigratinib OR Ivosidenib OR
Lapatinib OR Nilotinib OR Pazopanib OR Pexidartinib OR Pralsetinib OR Sonidegib OR
Sotorasib) AND (food[Title] OR meal[Title] OR low-fat[Title] OR moderate-fat[Title] OR
high-fat[Title] OR fasted[Title]).

For ongoing boosting trials, ClinicalTrials.gov was searched with the search terms
‘Oncology’ and ‘CYP3A4′ [17].

3. Results
3.1. Pharmacokinetic Boosting Strategies Potentially Useful for Kinase Inhibitors

The scope of this review focuses on pharmacokinetic boosting using inhibition of hepatic
metabolic enzymes, in particular CYP3A4, and pharmacokinetic enhancement with food.

Metabolism by CYP450 is phase I metabolism that primarily produces hydrophilic
structures, which are substrates for phase II metabolism and cleared more easily by the
liver, kidney and small intestine [18]. CYP450 is predominantly expressed in the liver but
can also be expressed in the kidney, small intestine, lung, brain and can even be found
in certain tumor tissues [19,20]. CYP3A4 plays an important role in the bioavailability
and exposure of its substrate drugs and is the major CYP enzyme. Approximately 50% of
drugs are metabolized by CYP3A4 due to its broad substrate specificity. CYP3A4 activity
has inter- and intra-patient variability, which can lead to a variable drug response within
and between patients [21]. Inter- and intra-patient variability of CYP3A4 activity can
have genetic and epigenetic causes and can also be affected by CYP3A4 induction or
inhibition [19,22]. CYP3A5 is another important CYP enzyme, which has overlapping but
not identical specificity of substrates with CYP3A4. CYP3A5 is predominantly expressed
in the kidneys and lungs and can also be expressed in the liver and intestine. Genetic
polymorphisms of CYP3A5 can vary greatly between different ethnic groups, with most
patients being CYP3A5 non-expressors [19,23].

Inhibiting CYP3A4 metabolism can potentially lead to an increased exposure of CYP3A4
substrates. To boost the exposure of drugs which are metabolized by CYP3A4, the pharma-
cokinetic booster drug has to be a strong CYP3A4 inhibitor to effectively boost exposure
of the substrate. Examples of strong CYP3A4 inhibitors are clarithromycin, erythromycin,
ritonavir, cobicistat, itraconazole, ketoconazole, posaconazole and voriconazole [24].

Several HIV antiretroviral drugs have poor exposure and are metabolized by CYP3A.
Atazanavir, darunavir, elvitegravir and lopinavir are HIV antiretroviral drugs boosted by
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ritonavir or cobicistat to enhance their pharmacokinetic properties. For example, cobicistat
enhances the systemic exposure of elvitegravir in the combination elvitegravir/cobicistat/
emtricitabine/tenofovirdisoproxil, allowing for a once daily dosing of this single tablet
regimen [14]. A more recent example of a similar boosting strategy used in another
disease is ritonavir boosting of the SARS-CoV-2 inhibitor nirmatrelvir. When nirmatrelvir
is administered alone, it has a T1/2 of approximately 2 h, for which it is challenging to
maintain the desired plasma concentration of several fold over the in vitro 90% effective
concentration. When concomitantly administered with ritonavir, nirmatrelvir has a T1/2
of approximately seven hours and an eight-fold increase in exposure, thus enabling a
BID dosing regimen [25]. Because boosting strategies can increase the dosing interval
and decrease the overall dosage of the substrate drug, boosting can also have an impact
on adherence and pill burden [26]. The most widely used agents for CYP3A4 boosting
are the pharmacokinetic enhancers ritonavir and cobicistat [4]. Ritonavir and cobicistat
are both strong inhibitors of CYP3A4 and can therefore increase the exposure of drugs
predominantly metabolized by CYP3A4.

Ritonavir, a HIV protease inhibitor, is an inhibitor of CYP3A4, CYP2D6 and the
transporter P-glycoprotein (P-gp), OATP1B1 and an inductor of CYP1A2, CYP2B6, CYP2C8,
CYP2C9, CYP2C19 and UGT [14,27]. Ritonavir irreversibly inhibits CYP3A4 [19]. Ritonavir,
when used as a pharmacokinetic booster, is dosed 100–400 mg daily. The boosting dose of
ritonavir is considered as low-dose ritonavir since therapeutic doses of ritonavir for HIV
are with 600 mg BID much higher [26]. Ritonavir has a protein binding of 99%, half-life
(T1/2) of three to five hours and a distribution volume (Vd) of 20–40 L [14].

Cobicistat was initially developed as an improved version of ritonavir to better facili-
tate coformulation with other drugs in one tablet. This was possible because cobicistat has
a higher water solubility compared to ritonavir [28]. Cobicistat is a structural analogue of
ritonavir, but without antiretroviral activity [28]. Cobicistat is a strong CYP3A4 inhibitor
and a weak CYP2D6 inhibitor, and furthermore inhibits P-gp, breast cancer resistance pro-
tein (BCRP), MATE1, OATP1B1 and OATP1B3. Cobicistat irreversibly inhibits CYP3A4 [29].
The cobicistat label dose is 150 mg once daily. Cobicistat has a protein binding of 98%,
T1/2 of three to four hours and is known to inhibit renal tubular secretion of creatinine,
without affecting the glomerular filtration rate (GFR), which can lead to a slight decrease in
the estimated creatinine clearance (CLcr) [30]. A comparative overview of ritonavir and
cobicistat is presented in Table 2 [14].

Cobicistat and low-dose ritonavir have good pharmacological characteristics for phar-
macokinetic boosting of kinase inhibitors. Other strong CYP3A4 inhibitors such as clar-
ithromycin, erythromycin, itraconazole, ketoconazole, posaconazole and voriconazole can
also be used as a pharmacokinetic booster, but they have the disadvantage of pharmaco-
logical activity and adverse events and can be more expensive. Ketoconazole can result
in QT-interval prolongation, and itraconazole is associated with liver toxicity [14]. This
makes pharmacologically active CYP3A4 inhibitors less ideal to be used as pharmacokinetic
boosters. Cancer patients at risk for invasive fungal disease, however, can benefit from
antifungal prophylaxis. In these patients, the antifungal CYP3A4 inhibitor can serve as a
two-edged sword combining pharmacokinetic booster and antifungal prophylaxis.

Food is known for its ability to alter the pharmacokinetic properties of a drug [31]. No-
table examples are grapefruit juice, Coca-Cola, St. John’s wort and different fasting states.
Because grapefruit juice is an inhibitor of CYP3A4, it can potentially boost drugs in a similar
manner to cobicistat and ritonavir [32]. Cola is known for its ability to enhance the bioavail-
ability of drugs where low gastric pH is important for the absorption of the drug, especially
when the drug is concomitantly given with a proton-pump inhibitor [33]. Different fasting
states, such as low-fat meals, moderate-fat meals and high-fat meals, can have effects on
the Cmax and AUC of kinase inhibitors [32]. For the purpose of pharmacokinetic boosting,
concomitant intake of certain kinase inhibitors with a high-fat meal can be considered.

186



Pharmaceutics 2023, 15, 1149

3.2. Pharmacological Profiling of Candidate Kinase Inhibitors Suitable for Pharmacokinetic
CYP3A4 Boosting

The ranking criteria were applied to the selected 78 CYP3A4 boosting candidates and
resulted in 10 candidates with score 0 (most attractive candidates); 15 candidates with
score 1; 15 candidates with score 2; 7 candidates with score 3; 3 candidates with score 4;
9 candidates with score 5; 11 candidates with score 6; 5 candidates with score 7; and
3 candidates with score 8 (least attractive candidates); see Table 3.

3.3. Pharmacological Profiling of Candidate Kinase Inhibitors Suitable for Pharmacokinetic
Food Boosting

For food boosting candidates, the manufacturer’s label administration recommenda-
tion must be to ‘take without food’ or must state that specific foods that cannot be taken
in combination with the target drug. Based on this selection criterium, 65 drugs were
excluded. Furthermore, drugs where food has a decreasing effect on the exposure of the
target drug were excluded (n = 7). The 13 remaining drugs are potential candidates for
food boosting (Table 4).

3.4. Clinical Evidence and Experience with Pharmacokinetic Boosting of Kinase Inhibitors
3.4.1. Axitinib Boosted with Cobicistat

In a case report, axitinib exposure was boosted by cobicistat [34]. A 54-year-old male,
who was diagnosed with metastatic renal cell carcinoma, was previously treated with
sunitinib and subsequently everolimus + pazopanib. At disease progression, the patient
was switched to axitinib 5 mg BID as a last treatment option. The axitinib dose was esca-
lated after two weeks to 10 mg BID because no serious toxicity was observed. The axitinib
Cmin was measured and was 1.4 microg/L, which is below the reported efficacy threshold
of >5 microg/L [35]. Co-medication was screened for drug–drug interactions, and none
were found. Screening of CYP450 polymorphisms showed CYP3A4 (*1A/*1B) polymor-
phism. Axitinib exposure was first boosted by grapefruit juice to inhibit intestinal CYP3A4
metabolism; however, no significant increase in axitinib exposure was seen. Grapefruit
juice was subsequently switched to cobicistat 150 mg BID to boost axitinib exposure. After
four weeks of axitinib 10 mg BID and cobicistat 150 mg BID, C2h increased by a factor
of four, and blood pressure started to slightly increase, but axitinib Cmin was still below
the >5 microg/L threshold. The axitinib and cobicistat dose was further escalated to 10 mg
QID and 150 mg QID, respectively. The CT scan showed a decrease in metastasis size, no
ascites drainage was needed, and albumin and hemoglobin returned to normal values,
which indicates tumor response. After 15 months of ongoing response to treatment with
axitinib 10 mg QID boosted by cobicistat 150 mg QID, progressive disease was detected.
The patient died two months later as a result of progressive disease. The effect of CYP3A4
(*1A/*1B) polymorphism on the drug exposure of axitinib is unclear. Cmin of pazopanib
and sunitinib, by which the patient was treated initially, were also both below normal
values, indicating that the patient had low exposure of pazopanib, sunitinib and axitinib.
Because pazopanib, sunitinib and axitinib were all below normal values, the CYP3A4 activ-
ity can be a factor explaining the low exposure of these drugs. However, if this is the result
of the CYP3A4 (*1A/*1B) polymorphism remains unclear. Based on the observed increase
in axitinib concentrations, the authors conclude that boosting axitinib with cobicistat can
be a promising and cost-effective strategy for patients with sub-optimal axitinib exposure.

3.4.2. Crizotinib Boosted with Cobicistat

Cobicistat-boosted crizotinib was evaluated in a phase I study in non-small cell lung
cancer patients with low crizotinib exposure [36]. Crizotinib has a high interindividual
variability of Cmin,ss, which is associated with concentration-dependent variability in overall
response rate (ORR). In the quartile with the lowest Cmin,ss, the ORR is 24–47%; in the
quartile with the highest Cmin,ss, the ORR is 60–75%. Patients in the lower quartile versus
the remaining three quartiles are associated with a higher hazard ratio of 3.2 [37]. The study
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hypothesis was that patients in the lower quartile for Cmin,ss could have a better outcome
when crizotinib exposure is boosted with cobicistat. Patients who received a minimum
of 14 days of standard care with crizotinib and had a Cmin,ss ≤ 310 ng/mL were eligible.
Only one patient was included because the study was prematurely terminated for ethical
reasons after approval of more potent second-generation drugs. Before cobicistat 150 mg
QD was added to the patient using crizotinib, blood samples for pharmacokinetic analysis
were drawn. Cmin,ss was measured seven days after concurrent treatment of cobicistat
with crizotinib. After 14 days of concurrent treatment of cobicistat with crizotinib, blood
samples for pharmacokinetic analysis were drawn. The AUC0–12h and Cmin,ss increased by
78% and 164%, respectively, when crizotinib was boosted by cobicistat. No serious adverse
events (AEs) were observed. The authors conclude that cobicistat can be a promising and
non-expensive strategy to increase crizotinib exposure and suggest that this strategy might
also be of value for other kinase inhibitors.

3.4.3. Erlotinib Boosted with Ritonavir

A phase I open-label crossover study was performed to evaluate the feasibility of
erlotinib exposure boosting by ritonavir and thereby reducing the erlotinib dose to achieve
cost savings [38]. Non-small cell lung cancer patients who received erlotinib 150 mg QD for
a minimum of eight days were eligible for inclusion. Nine patients were included for the
primary analysis of the study. After a minimum of eight days of treatment with erlotinib
150 mg QD, blood samples for pharmacokinetic analysis were drawn. The erlotinib dose
was subsequently reduced to 75 mg QD, and patients were treated for seven days with
the reduced dose. After these seven days, ritonavir 200 mg QD was added to erlotinib
75 mg QD, and patients were treated for seven days. Subsequently, blood samples were
drawn for pharmacokinetic analysis, and patients were switched back to standard of care
erlotinib 150 mg QD. The geometric mean ratio (GMR) of erlotinib 150 mg QD compared
to erlotinib 75 mg + ritonavir 200 mg QD for AUC0–24h, Cmax and Cmin were 0.99 (CI 95%
0.58–1.69, p = 0.545), 0.91 (CI 95% 0.55–1.49, p = 0.500) and 1.06 (CI 95% 0.59–1.93, p = 0.150),
respectively. A statistically significant decrease in active metabolites OSI-413 and OSI-420
was observed. No grade ≥ 3 AEs were reported. The coefficient of variability (CV%)
was 58–162% for erlotinib (+metabolites) and was 86–443% for ritonavir-boosted erlotinib
(+metabolites). The authors expected that the CV% for erlotinib + ritonavir would be
lower compared to erlotinib alone. The higher CV% for erlotinib + ritonavir could be
the result of a shift in erlotinib metabolism. When erlotinib + ritonavir are concurrently
administered, the main metabolism route shifts from CYP3A4 to CYP1A2 (and other
isoforms), because ritonavir strongly inhibits the major CYP3A4 metabolism route. CYP1A2
expression is known to differ between patients and thus can be a factor explaining the
increased CV%. Firm conclusions about the increased CV% are, however, difficult to
be drawn because of the limited number of patients included in the study. The authors
conclude that pharmacokinetic exposure of erlotinib 150 mg QD compared to erlotinib
75 mg QD + ritonavir 200 mg QD is equivalent, and erlotinib boosting can be a strategy to
reduce an erlotinib dose by 50% and thus save treatment costs.

3.4.4. Ibrutinib Boosted with Itraconazole

In a randomized placebo-controlled crossover study with healthy volunteers, the
boosting effect of itraconazole on ibrutinib exposure was evaluated [39]. The aim was
to reduce the high interindividual variability of ibrutinib and to reduce treatment costs.
Participants (n = 11) were randomly assigned to either the cohort ibrutinib 15 mg + itra-
conazole or ibrutinib 140 mg + placebo. Subjects were given itraconazole 200 mg BID or
placebo BID on day 1, and on days 2–4 itraconazole 200 mg QD or placebo QD. On day 3,
subjects who received placebo were given 140 mg ibrutinib, and subjects who received
itraconazole received ibrutinib 15 mg. After a washout period of four weeks, subjects were
enrolled in the crossover cohort. Ibrutinib 15 mg + itraconazole had a similar exposure
when compared to ibrutinib 140 mg + placebo; the GMR of AUC0-∞ and Cmax was 1.07
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(CI 90% 0.77–1.49; p = 0.719) and 0.94 (CI 90% 0.68–1.30, p = 0.727), respectively. The
geometric CVs of AUC0-∞ and Cmax for ibrutinib 15 mg boosted with itraconazole were
0.55 and 0.53, respectively, and for ibrutinib 140 mg + placebo 1.04 and 0.99, respectively,
indicating reduced interindividual variation for boosted ibrutinib. According to the man-
ufacturer’s dose recommendation when ibrutinib is concomitantly administered with a
strong CYP3A4 inhibitor, the advice is to adjust the dose from 420 mg or 560 mg to 140 mg.
However, the results in this study suggest a dose reduction of 90%. The authors conclude
that ibrutinib boosting with itraconazole reduces interindividual variability and increases
ibrutinib exposure and this enables improved dosing accuracy while achieving 90% cost
savings. Annual cost savings with boosted ibrutinib in the United States are projected to be
more than $10,000 per patient.

3.4.5. Imatinib Boosted with Grapefruit Juice

In an open-label, non-randomized, within-group crossover study, imatinib was boosted
with grapefruit juice to ascertain if dose reduction of imatinib is feasible to reduce treatment
costs [40]. Four patients with chronic myeloid leukemia (CML) who were treated with
imatinib 400 mg QD for more than six months were eligible for inclusion. Blood samples for
pharmacokinetic analysis were drawn when patients were using imatinib 400 mg QD. After
two to three months, 250 mL Tropicana® grapefruit juice QD was added to imatinib 400 mg
QD and administered for seven consecutive days. After these seven days of concurrent treat-
ment with grapefruit juice and imatinib, blood samples for pharmacokinetic analysis were
drawn. The median Cmin was 1080 ng/mL (range: 1060–1360 ng/mL) and 1102 ng/mL
(range: 772–1450 ng/mL) for imatinib 400 mg and imatinib 400 mg in combination with
grapefruit juice, respectively. The median Cmax was 2495 ng/mL (range: 2380–2680 ng/mL)
and 2455 ng/mL (range: 1870–2750 ng/mL) for imatinib 400 mg and imatinib 400 mg in
combination with grapefruit juice, respectively. No serious AEs were observed. Pharma-
cokinetics of imatinib 400 mg QD compared to imatinib 400 mg QD boosted with grapefruit
juice were not significantly different. A possible explanation is that this is due to the fact
grapefruit juice predominantly inhibits intestinal CYP3A4 and to a lesser extent hepatic
CYP3A4. Imatinib bioavailability is almost 100%, thus only inhibiting the intestinal CYP3A4
has little effect. The study was prematurely terminated because no significant effect of
grapefruit juice on imatinib exposure was observed.

3.4.6. Lapatinib Boosted with Ketoconazole

The phase I dose escalation study of lapatinib evaluated different dose-escalating
strategies for lapatinib in patients with HER2 positive breast cancer to enhance the exposure
of lapatinib [41]. Patients with HER2 overexpression advanced breast cancer and cardiac
ejection fraction ≥ 50% were eligible for inclusion. The study included a total of 41 patients
divided into 10 cohorts. The cohorts one to six had a predefined dose-escalating strategy
without any pharmacokinetic boosting agent. After an interim analysis, it was decided that,
in cohorts seven to ten, the lapatinib exposure was boosted by a pharmacokinetic enhancer.
Concomitant intake with food and with or without the CYP3A4 inhibitor ketoconazole
were chosen as exposure enhancement strategies. Cohorts eight to ten were concurrently
treated with lapatinib BID or QID, with food and with ketoconazole 200 mg BID. A total
of 12 patients were in cohorts eight to ten. Lapatinib plasma concentration blood samples
were drawn at baseline and four hours after the morning dose. Food did not increase the
exposure of lapatinib. Concomitant administration of lapatinib with ketoconazole increased
lapatinib exposure 2.7 fold.

3.4.7. Nilotinib Boosted with Food

The NiFo study evaluated if the nilotinib dose could be reduced when concurrently
administered with food to reduce the complexity of the dosing regimen and to achieve cost
savings [42]. CML patients in the chronic phase (n = 15) who had had at least three months
of treatment with nilotinib prior to the study were included. The first four days of the
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study, patients received standard of care nilotinib 300 mg BID in fasted state, followed by
seven days of nilotinib 200 mg BID concurrently administered with food. Morning meals
were low-fat, evening meals were medium-fat, and on days 8 and 11, the evening dose
was taken with high-fat meals. Blood samples for pharmacokinetic analysis were drawn
on days 1, 3, 8 and 11. The GMR of the morning dose of AUC0–12h, Cmax and Cmin was
0.89 (CI 90% 0.81–0.98), 0.90 (CI 90% 0.8–1.02) and 0.88 (CI 90% 0.84–0.92), respectively,
and were within acceptance limits for bioequivalence. The GMR of the evening dose
of AUC0–12h, Cmax and Cmin was 0.84 (CI 90% 0.73–0.97), 0.8 (CI 90% 0.68–0.93) and
1.06 (CI 90% 0.92–1.22), respectively. The GMR of Cmin was within acceptance limits for
bioequivalence, the GMR of AUC0–12h and Cmax were not. Nilotinib 200 mg BID with food
was well tolerated, and patient-reported symptom burden was lower compared to nilotinib
300 mg BID standard of care. Bioequivalence for Cmin was reached; AUC0–12h and Cmax
were not bioequivalent. Nilotinib efficacy is, however, associated with Cmin; patients with a
Cmin above the threshold of ≥619 ng/mL have a higher major molecular response at three
months [43]. Boosting nilotinib 200 mg BID with food can therefore still be a viable option,
especially when guided with therapeutic drug monitoring (TDM).

3.4.8. Osimertinib Boosted with Cobicistat

The effect of cobicistat on osimertinib exposure was investigated in the proof-of-
concept OSIBOOST study [44]. The aim of this study was to evaluate if osimertinib
exposure could be increased by cobicistat and if the boosting effect was stable over time.
Cobicistat was selected as a CYP3A4 inhibitor because of its strong inhibition of CYP3A4,
lack of off-target effects and its wide use in clinical practice as a boosting agent in antiretro-
viral therapies. A total of 11 non-small cell lung cancer patients that had a low osimertinib
exposure of Cmin,ss ≤ 195 ng/mL were included. Patients were initially treated with os-
imertinib standard of care (10 patients at 80 mg QD and 1 patient at 160 mg QD), and blood
samples were drawn for pharmacokinetic analysis. After the first blood sampling day,
patients were given cobicistat 150 mg QD in combination with osimertinib. The second
pharmacokinetic sampling day was scheduled 22–26 days after the start of the concur-
rent usage of osimertinib with cobicistat 150 mg QD. After the second pharmacokinetic
sampling day, patients could opt to stop the treatment of cobicistat, to continue with the
concurrent use if adequate boosting was reached or to continue with the concurrent use
where cobicistat was stepwise escalated to 150 mg BID or QID for patients with osimertinib
Cmin,ss ≤ 195 ng/mL. The primary outcome was the change in AUC0–24,ss of osimertinib
and its metabolite AZ5104 when boosted with cobicistat compared to osimertinib alone.
Secondary outcomes included CYP3A4 and CYP3A5 polymorphisms, AEs and osimertinib
Cmin,ss as a surrogate marker of AUC0–24,ss for patients who continued in the study after the
first phase. During concurrent use of cobicistat, the AUC0–24,ss of all patients increased with
a mean AUC0–24,ss increase of 60%. The mean AUC0–24,ss increase had a relatively broad
range of 19–192%. The mean AUC0–24,ss increase in women and men was 73% and 38%,
respectively. Three patients had osimertinib Cmin ≤ 195 ng/mL with concurrent use of
cobicistat; their cobicistat dosage was consequently escalated to 150 mg BID. In one patient,
osimertinib AUC0–24,ss decreased after cobicistat escalation, while in the other two patients
the osimertinib AUC0–24,ss increased. In the one patient where the osimertinib AUC0–24,ss
decreased with concurrent use of cobicistat 150 mg BID, the cobicistat dosage was further
escalated to 150 mg QID. This decreased the osimertinib AUC0–24,ss even further to an
overall increase of 1% compared to baseline. No serious AEs were observed. Concurrent
use of cobicistat and osimertinib increased the exposure of osimertinib and its metabolite
AZ5104 in all patients and can be an option to reduce the osimertinib dose. The added
value of measuring the osimertinib metabolite AZ5104 was limited. The interindividual
variation of the boosting effect of cobicistat on osimertinib exposure is challenging when
composing a one-fits-all concept. Although interindividual variation of the boosting effect
was relatively high, the boosting effect was constant within patients, paving the way to an
integrated TDM-guided approach to cobicistat-boosted osimertinib.
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3.4.9. Pazopanib Boosted with Continental Breakfast

The DIET study evaluated whether it was feasible to enhance the exposure of pa-
zopanib with food to reduce the pazopanib dose in patients with renal cell carcinoma [45].
The study consisted of two parts. The first part was a pharmacokinetic dose-finding study
to confirm bioequivalence of 800 mg QD in fasted state compared to pazopanib 600 mg
QD taken with a continental breakfast. Nineteen patients were enrolled for the first part
of the study. Patients received pazopanib 800 mg for 14 days in fasted state, followed by
pazopanib 600 mg QD with a continental breakfast. GMR of steady state AUC0–24h, Cmax
and Cmin was 1.09 (CI 90% 1.02–1.17), 1.12 (CI 90% 1.04–1.20) and 1.10 (CI 90% 1.02–1.18),
respectively. The second part of the study was conducted to evaluate gastrointestinal toxic-
ity and patient preference for pazopanib 600 mg QD combined with continental breakfast
compared to pazopanib 800 mg QD in a fasted state. Patients (n = 78) were initially enrolled
in the second part of the study and randomly assigned to either pazopanib 800 mg QD
in fasted state or pazopanib 600 mg QD with a continental breakfast. After four weeks,
patients were switched to the opposite regimen. Pazopanib 600 mg QD with continen-
tal breakfast was preferred by 68% of the patients. Pazopanib 800 mg QD compared to
pazopanib 600 mg QD + continental breakfast was bioequivalent; gastrointestinal AEs
were comparable in both groups. Pazopanib + continental breakfast can achieve a total
cost savings of approximately $8500 per patient for metastatic renal cell carcinoma and
approximately $3800 per patient for soft tissue sarcoma in the Netherlands.

3.4.10. Tofacitinib Boosted with Cobicistat

The PRACTICAL study was performed to evaluate the feasibility of boosting to-
facitinib exposure by cobicistat, reducing 50% of the dose and saving 50% in treatment
costs [46]. The study was an open-label, non-randomized, within group crossover study,
where bioequivalence of tofacitinib 5 mg QD boosted with cobicistat 150 mg QD was
compared to the standard of care tofacitinib 5 mg BID. Patients with rheumatoid arthritis or
psoriatic arthritis who received a minimum of 14 days of standard care with tofacitinib were
eligible for inclusion. A total of 25 patients were included for the primary analysis of the
study. After ≥14 days of tofacitinib treatment, blood samples for pharmacokinetic analysis
were drawn from patients receiving tofacitinib 5 mg BID standard of care. Patients were
subsequently switched to tofacitinib 5 mg QD + cobicistat 150 mg QD. Between two to six
weeks after the switch to cobicistat-boosted tofacitinib, blood samples for pharmacokinetic
analysis were drawn. Medication adherence was monitored in a medication diary. Patient
preference was evaluated after the second pharmacokinetic sampling day. GMR of tofaci-
tinib Cavg,ss for tofacitinib 5 mg BID compared to tofacitinib 5 mg QD + cobicistat 150 mg
QD was 0.85 (CI 90%: 0.75–0.96) and was therefore not pharmacokinetically bioequivalent
according to the EMA acceptance interval. Interindividual variability expressed as relative
bioavailability was 21% (residual standard error 73%) for the boosted regimen versus 32.2%
(residual standard error 30.9%) for the non-boosted regimen. Disease activity remained
stable, and no serious AEs were observed. The once-daily tofacitinib 5 mg QD + cobicistat
150 mg QD regimen, compared to tofacitinib 5 mg BID, was preferred by 56% of the patients.
The tofacitinib 5 mg QD + cobicistat regimen can potentially achieve annual cost savings of
approximately €6500 per patient in the European Union and approximately €21,500 in the
United States until the patent expiry date of 2028.

3.4.11. Venetoclax and Ibrutinib Boosted with Itraconazole

In a case report, venetoclax and ibrutinib were boosted with itraconazole to save
treatment costs [47]. A 22-year-old man with acute myeloid leukemia (AML) was treated
with a 75% reduced dose of venetoclax 100 mg QD with itraconazole 100 mg BID as the
boosting drug. No complications developed, and the patient achieved complete response,
incomplete hematological recovery and a nondetectable minimal residual disease. The
patient subsequently received an allogeneic stem cell transplantation. At 40 days after the
stem cell transplantation, the patient developed a grade III steroid-refractory acute graft
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versus host disease (GvHD) which was eventually treated with ibrutinib. The ibrutinib
dose was 75% reduced compared to the normal dose and was 140 mg QD boosted with
itraconazole 100 mg BID. After three weeks, the patient achieved a complete response of
GvHD. After 11 months, the patient remained completely responsive, and ibrutinib was
tapered. CYP3A4 boosting of venetoclax and ibrutinib to reduce treatment costs by 75%
was concluded to be a promising strategy, and subsequent prospective clinical trials were
initiated. A total of approximately $10,900 in cost savings was achieved in this patient by
boosting venetoclax and ibrutinib.

3.4.12. Venetoclax Boosted with Posaconazole

The venetoclax–posaconazole drug–drug interaction study evaluated which dose ad-
justment is necessary when venetoclax is concurrently administered with posaconazole [48].
Patients (n = 12) diagnosed with AML and eligible for inclusion were included. On days
one to five, patients received a venetoclax ramp-up from 20–200 mg and intravenous
decitabine 20 mg/m2. On days 6 to 20, patients received venetoclax 400 QD. On days 21 to
28, patients received a reduced venetoclax dose of either 50 mg or 100 mg in combination
with posaconazole 300 mg BID on day 21, and days 22 to 28 posaconazole 300 mg QD. Six
patients received the venetoclax 100 mg QD dose reduction, and five patients received the
venetoclax 50 mg QD dose. The duration of the posaconazole treatment was determined to
be 8 days to reach steady state. Blood samples for pharmacokinetic analysis were drawn
on day 20 and day 28. In patients who received venetoclax 50 mg QD in combination
with posaconazole, the mean AUC0–24h and Cmax increased by 76% and 53%, respectively,
when compared to venetoclax 400 mg QD alone. In patients who received venetoclax
100 mg QD in combination with posaconazole, the mean AUC0–24h and Cmax increased by
155% and 93%, respectively, when compared to venetoclax 400 mg QD alone. Coadminis-
tration of posaconazole in combination with either venetoclax 50 mg QD or 100 mg QD
was overall well tolerated. The venetoclax dose should be reduced by at least 75% when
co-administered with posaconazole.

3.4.13. Venetoclax Boosted with Grapefruit Juice

Venetoclax was boosted with grapefruit juice in a patient with AML who could not
afford the regular dose of 400 mg QD [49]. Treatment started with venetoclax 100 mg QD in
combination with 200 mL grapefruit juice TID. Venetoclax Cmax was measured weekly to
ascertain adequate exposure to venetoclax and to reduce toxicity. The venetoclax Cmax was
1440 ng/mL and 1920 ng/mL on day 7 and day 14 after receiving the combination venetoclax
100 mg QD and grapefruit juice 200 mL TID, respectively. The venetoclax Cmax was inside
the efficacy boundary, as stated by the authors, of 1000–3000 ng/mL. The patient was in
remission for at least five cycles of 28 days, and no serious AEs were observed. Boosting
venetoclax with grapefruit juice to make the treatment more affordable was concluded to be
safe and effective for this patient. The venetoclax-associated monthly costs were reduced
from 38,880 RMD yuan (approx. €5281) to 9720 RMD Yuan (approx. €1319).

The aforementioned studies are summarized in Table 5, to provide a
comparative overview.

3.5. Clinical Trials Currently in Progress

Five ongoing trials were identified from ClinicalTrials.gov [17] where pharmacokinetic
boosting had to be intentional and could not be a regular drug–drug interaction trial.
Pharmacokinetic boosting in these ongoing trials is done to either save treatment costs or
to investigate potential therapeutic benefits when the target drug is boosted. The studies
evaluate efficacy of the boosted regimen with different outcomes, only the PROACTIVE
study additionally include pharmacokinetic parameters as an outcome. Table 6 presents an
overview of the currently ongoing boosting trials.
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Table 5. Overview of kinase inhibitor boosting studies.

Target
Drug

Boosting
Agent Study Aim Study Design Outcomes Results Conclusion Reference

Axitinib Cobicistat
150 mg QID

Boost axitinib
exposure with
cobicistat

Case report, one
patient Cmin

Axitinib 10 mg QID +
cobicistat 150 mg QID
resulted in a 15-month
stable response

Boosting axitinib with
cobicistat can be a promising
strategy to boost patients
with sub-optimal
axitinib exposure.

[34]

Crizotinib Cobicistat
150 mg QD

Patients with low
crizotinib exposure
(Cmin,ss ≤ 310 ng/mL)
were boosted with
cobicistat

Open-label,
non-randomized,
within group
crossover study,
one patient

Change in
AUC0–24,ss and
Cmin0–24,ss

The AUC and Cmin,ss
increased by 78% and
164% respectively when
crizotinib was boosted
by cobicistat.

Cobicistat enhanced the
exposure of crizotinib. Only
one patient was enrolled
because the next-generation
ALK inhibitor alectinib was
approved for the treatment
of the same population with
better outcomes.

[36]

Erlotinib Ritonavir
200 mg QD

Bioequivalence of
erlotinib 150 mg
QD compared to
erlotinib 75 mg QD
+ ritonavir 200 mg
QD to save
treatment costs

Open-label,
non-randomized,
within group
crossover study,
nine patients

GMR of
AUC0–24h,
Cmax and Cmin

GMR of erlotinib
150 mg QD vs. erlotinib
75 mg + ritonavir
200 mg QD for
AUC0–24h, Cmax and
Cmin were 0.99 (CI 95%
0.58–1.69, p = 0.545),
0.91 (CI 95% 0.55–1.49,
p= 0.500) and 1.06
(CI 95% 0.59–1.93,
p = 0.150), respectively.

Erlotinib 150 mg QD
compared to erlotinib 75 mg
+ ritonavir 200 mg is
bioequivalent and can be a
strategy to reduce the
erlotinib dosage by 50% and
thus save treatment costs.

[38]

Ibrutinib Itraconazole
200 mg BID

Evaluate exposure
of Ibrutinib 15 mg +
itraconazole
compared to
ibrutinib 140 mg +
placebo

Randomized
placebo-
controlled
crossover study
with 11 healthy
volunteers

GMR of
AUC0-∞ and
Cmax

GMR of ibrutinib 15 mg
+ itraconazole vs.
ibrutinib 140 mg +
placebo AUC0-∞ and
Cmax were 1.07 (CI 90%
0.77–1.49; p = 0.719) and
0.94 (CI 90% 0.68–1.30,
p = 0.727), respectively,
the GMR CVs of
AUC0-∞ and Cmax for
ibrutinib 15 mg boosted
+ itraconazole were 0.55
and 0.53, respectively,
and for ibrutinib 140 mg
+ placebo 1.04 and 0.99,
respectively.

The interindividual
variability of exposure of
ibrutinib is high; boosting
with itraconazole and a
reduced dose of ibrutinib
could lower the
interindividual variability.
Boosting with itraconazole is
cost-effective and can
potentially reduce the
treatment costs associate
with ibrutinib by 90%. Cost
savings in the United States
are projected to be more than
$10,000 annually per patient.

[39]

Imatinib Grapefruit
juice

Evaluate whether
reduction of
imatinib is feasible
to reduce treatment
costs with
grapefruit juice

Open-label,
non-randomized,
within group
crossover study,
four patients

Cmin and Cmax

The median Cmin was
1080 ng/mL (range:
1060–1360 ng/mL) and
1102 ng/mL (range:
772–1450 ng/mL) for
imatinib 400 mg and
imatinib 400 mg in
combination with
grapefruit juice,
respectively. The
median Cmax was
2495 ng/mL (range:
2380–2680 ng/mL) and
2455 ng/mL (range:
1870–2750 ng/mL) for
imatinib 400mg and
imatinib 400mg in
combination with
grapefruit, juice
respectively.

Pharmacokinetic of imatinib
400 mg QD compared to
imatinib 400 mg QD boosted
with grapefruit juice was not
significantly different. The
study was prematurely
terminated because no
significant effect of
grapefruit juice on imatinib
pharmacokinetics
was observed.

[40]

Lapatinib Ketoconazole
200 mg BID

Evaluate
dose-escalating
strategies for
lapatinib

Phase I dose
escalation study,
12 patients in the
cohorts boosted
with
ketoconazole

Lapatinib
concentration

Concomitant
administration of
lapatinib +
ketoconazole increased
lapatinib exposure
2.7 fold.

Lapatinib exposure can be
enhanced by ketoconazole. [41]
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Table 5. Cont.

Target
Drug

Boosting
Agent Study Aim Study Design Outcomes Results Conclusion Reference

Nilotinib

Food;
low-fat,
medium-fat
and high-fat
meals

Evaluate whether
nilotinib exposure
can be enhanced
with food

Open-label,
non-randomized,
within-group
crossover study,
15 patients

GMR of
AUC0–12h,
Cmax and Cmin

The GMR of the
morning dose of
AUC0–12h, Cmax and
Cmin was 0.89
(CI 90% 0.81–0.98), 0.90
(CI 90% 0.8–1.02) and
0.88 (CI 90% 0.84–0.92),
respectively, and were
within acceptance limits
for bioequivalence. The
GMR of the evening
dose of AUC0–12h, Cmax
and Cmin was 0.84
(CI 90% 0.73–0.97), 0.8
(CI 90% 0.68–0.93) and
1.06 (CI 90% 0.92–1.22),
respectively.

Bioequivalence for Cmin was
reached; AUC0–12h and
Cmax were not bioequivalent.
Nilotinib efficacy is
associated with Cmin,
meaning that nilotinib
200 mg BID with food can
still be a viable option.

[42]

Osimertinib Cobicistat
150 mg QD

Patients with low
osimertinib
exposure
(Cmin,ss ≤ 195 ng/mL)
were boosted with
cobicistat

Open-label,
non-randomized,
within-group
crossover study,
11 patients

Change in
AUC0–24,ss
(primary) and
Cmin

The mean AUC0–24,ss
increase with cobicistat
was 60%

Concurrent use of cobicistat
and osimertinib increased
the exposure of osimertinib
and its metabolite AZ5104 in
all patients and can be an
option to reduce the
osimertinib dose.

[44]

Pazopanib
Food;
continental
breakfast

Evaluate whether
pazopanib
exposure can be
enhanced
with food

Open-label,
randomized,
within-group
crossover study,
19 patients in
part 1,
78 patients in
part 2

GMR of
AUC0–24h,
Cmax, Cmin,
gastrointesti-
nal toxicities
and patient
preference

The GMR of steady
state AUC0–24h, Cmax
and Cmin was 1.09
(CI 90% 1.02–1.17), 1.12
(CI 90% 1.04–1.20) and
1.10 (CI 90% 1.02–1.18),
respectively.

Pazopanib 800 mg QD
compared to pazopanib
600 mg QD + continental
breakfast is bioequivalent,
gastrointestinal AEs were
comparable in both groups.
Pazopanib + continental
breakfast can achieve
savings of approximately
$8500 per patient for
metastatic renal cell
carcinoma and
approximately $3800 per
patient for soft tissue
sarcoma in the Netherlands.

[45]

Tofacitinib Cobicistat
150 mg QD

Bioequivalence of
tofacitinib 5 mg
BID compared to
tofacitinib 5 mg
QD + cobicistat
150 mg QD

Open-label,
non-randomized,
within-group
crossover study,
25 patients

GMR of Cavg,ss

GMR of tofacitinib
Cavg,ss for tofacitinib
5 mg BID vs. tofacitinib
5 mg QD + cobicistat
150 mg QD was 85%
(CI 75–96%)

Tofacitinib 5 mg BID
compared to tofacitinib 5 mg
QD + cobicistat 150 mg are
not pharmacokinetically
bioequivalent. Disease
activity remained stable,
indicating similar efficacy.
The tofacitinib 5 mg QD +
cobicistat can potentially
achieve annual cost savings
of approximately €6500 per
patient in the European
Union and approximately
€21,500 in the United States
until the patent expiry date
of 2028.

[46]

Venetoclax
and
ibrutinib

Itraconazole
100 mg BID

Evaluate whether a
75% dose reduction
of venetoclax and
ibrutinib is feasible
when
co-administered
with itraconazole

Case report, one
patient Efficacy

A 22-year-old man was
successfully treated
with a 75% reduced
dose of venetoclax
100 mg QD +
itraconazole 100 mg
BID and ibrutinib 75%
reduced dose of 140 mg
QD + itraconazole
100 mg BID.

CYP3A4 boosting with
itraconazole to reduce the
treatment costs of venetoclax
and ibrutinib can be a
promising strategy. A total
of approximately $10,900 in
cost savings was achieved in
this patient by boosting
venetoclax and ibrutinib.
More research to validate
this hypothesis is warranted;
especially prospective
studies are required.

[47]

Venetoclax Posaconazole
300 mg QD

Evaluate which
dose adjustment is
necessary when
venetoclax is
concurrently
administered with
posaconazole

Drug–drug
interaction study,
12 patients

AUC0–24h and
Cmax

Venetoclax 50 mg QD +
posaconazole increased
the mean AUC0–24h and
Cmax by 76% and 53%,
respectively, vs.
venetoclax 400 mg QD
alone. Venetoclax 100
mg QD + posaconazole
increased the mean
AUC0–24h and Cmax by
155% and 93% vs.
venetoclax 400 mg
QD alone.

The venetoclax dose should
be reduced by at least 75%
when co-administered
with posaconazole.

[48]
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Table 5. Cont.

Target
Drug

Boosting
Agent Study Aim Study Design Outcomes Results Conclusion Reference

Venetoclax Grapefruit
juice

Evaluate whether
venetoclax 100 mg
QD could be
boosted by
grapefruit juice so
that the therapy
becomes more
affordable

Case-report, one
patient

Cmax and
efficacy

The venetoclax Cmax
was 1440 ng/mL and
1920 ng/mL on day 7
and day 14 after
receiving the
combination venetoclax
100 mg QD and
grapefruit juice 200 mL
TID. The venetoclax
Cmax was inside the
efficacy boundary of
1000 ng–3000 ng/mL.
The patient was in
remission for at least
five cycles of 28 days;
no serious AEs
were observed.

Boosting venetoclax to make
the treatment more
affordable with grapefruit
juice was safe and effective
for this patient. The
venetoclax-associated
monthly costs were reduced
from 38,880 RMD yuan
(approx. €5281) to 9720 RMD
Yuan (approx. €1319).

[49]

Table 6. Overview of currently ongoing trials on kinase inhibitor boosting (n = 5).

Study Name Target Drug Boosting
Agent Study Aim Study Design Outcomes NCT Number

Cytochrome P450
Inhibition to Decrease
Dosage of Dasatinib for
Chronic Myelogenous
Leukemia

Dasatinib Ketoconazole

Investigate whether a 75%
dasatinib dose reduction
when boosted with
ketoconazole is feasible to
reduce treatment costs

Phase II open-label
single-arm study with
15 participants

Primary: Cytogenetic
and molecular
response rates
and AEs

NCT05638763

Efficacy and Safety of
Low-dose Ibrutinib and
Itraconazole in Chronic
Graft Versus Host
Disease

Ibrutinib Itraconazole

Investigate whether a 75%
ibrutinib dose reduction
when boosted with
Itraconazole is feasible to
reduce treatment costs

Phase II open-label
single-arm study with
13 participants

Primary: Overall
response rate and AEs NCT05348096

Pharmacokinetic
Boosting of Olaparib to
Improve Exposure,
Tolerance and
Cost-effectiveness
(PROACTIVE)

Olaparib Cobicistat

Ascertain bioequivalence
of olaparib 300 mg BID vs.
olaparib 100 mg BID +
cobicistat 150 mg BID to
reduce treatment costs

Part 1: bioequivalence
in a cross-over
olaparib vs. boosted
olaparib. Part 2:
non-inferiority of
olaparib vs. boosted
Olaparib,
160 participants

Primary: AUC0–12h,
progression-free
survival, number of
dose reductions as a
measure of toxicity

NCT05078671

A Study of Extending
Relugolix Dosing
Intervals Through
Addition of Itraconazole
or Ritonavir in Prostate
Cancer Patients

Relugolix Itraconazole
or ritonavir

Investigate safety and
efficacy of relugolix when
combined with
itraconazole or ritonavir to
extend dosing interval of
relugolix to reduce
treatment costs

Phase Ib in
100 participants

Primary: testosterone
suppression NCT05679388

Low-dose Venetoclax
and Azacitidine as
Front-line Therapy in
Newly Diagnosed AML

Venetoclax Itraconazole

Investigate whether a 75%
venetoclax dose reduction
when boosted with
Itraconazole is feasible to
reduce treatment costs

Phase II open-label
single-arm study with
15 participants

Primary: number of
patients who are
hospitalized, number
of deceased patients in
predefined
time frames

NCT05048615

4. Discussion

Pharmacokinetic boosting of kinase inhibitors is a rapidly evolving field, as indicated
by the increasing evidence from published clinical studies and ongoing trials. Pharma-
cokinetic boosting can be a promising strategy for increasing exposure of anticancer drugs,
which was also indicated by two previous review articles [8,9]. In the sections below, the
most important aspects of the clinical boosting trials and pharmacokinetic boosting in
general are discussed.

4.1. Benefits of Pharmacokinetic Boosting of Kinase Inhibitors

Increasing the bioavailability of a drug can theoretically lead to a decrease in inter-
patient variability [50]. Furthermore, genetic polymorphisms of metabolizing enzymes
such as CYP450 can account for variable exposure to the drug, resulting in variability in
therapeutic responses between patients [44]. By inhibiting the CYP450 enzyme responsible
for the metabolism of the target drug, the inter-patient variability of plasma concentrations
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can theoretically decrease [26]. In the study where ibrutinib is boosted with itraconazole,
the interindividual variability in exposure was decreased by pharmacokinetic boosting [39].

Boosting of expensive drugs has the potential to drastically reduce treatment costs.
The high cost-saving potential of the pharmacokinetic boosting of kinase inhibitors is
quantified or projected in some trials [39,45–47,49]. For some boosted kinase inhibitors, the
clinical evidence for pharmacokinetic boosting safety and efficacy is already substantial.
The highly reduced venetoclax dose in combination with CYP3A4 inhibitors has proven to
be safe without compromising its efficacy [48], making venetoclax boosting an attractive
strategy for treating patients where financial resources are limited [51].

For some kinase inhibitors, pharmacokinetic boosting can, in addition to cost savings,
also result in an optimized dosing regimen. The study with cobicistat-boosted tofacitinib
indicated that with pharmacokinetic boosting the standard BID tofacitinib regimen might
be reduced to a once-daily regimen when tofacitinib is combined with cobicistat [46].

4.2. Risks and Disadvantages of Pharmacokinetic Boosting of Kinase Inhibitors

When drugs are intentionally off-label-boosted, this can incorporate additional risks
and disadvantages compared to the standard non-boosted regimen. The exposure of the
target drug can increase or decrease compared to the normal dosing regimen and can
therefore increase or decrease the efficacy and toxicity of the target drug. Ascertaining
bioequivalence based on the EMA bioequivalence guideline of the boosted versus non-
boosted regimen is therefore important [52].

When a strong CYP3A4 inhibitor is concurrently administered with the target drug, the
CYP3A4 inhibitor can also interact with the comedication of a patient. CYP3A4 inhibition
of interacting comedication can lead to increased toxicity or decreased efficacy of these
interacting drugs. To mitigate this risk, it is advisable to screen the comedication for drug–
drug interactions before starting with the boosted regimen. When a drug–drug interaction
is found, ideally an alternative for the interacting drug that is not affected by the boosting
drug should be considered. When no adequate alternative is available or appropriate, a dose
adjustment can be considered. When the risk of drug–drug interactions is inappropriate and
no alternative or dose adjustment can be found, the patient cannot participate in a boosting
regimen. When a CYP3A4 inducer is present in a patient’s comedication, this can interfere
with the pharmacokinetic boosting agent. Ideally the CYP3A4 inducer is switched to another
drug; otherwise, the patient is unlikely to be suitable for pharmacokinetic boosting.

Inter-patient variability can decrease in a boosted regimen when compared to the
non-boosted regimen. However, two clinical studies found an increased variability for
boosted kinase inhibitors [38,44]. This increased variability can be due to the fact the
metabolism shifts from predominantly CYP3A4-mediated metabolism to another CYP450
enzyme responsible for the metabolism with high variable activity. Unexplored causes
for this increased variability have to be investigated. However, the increased variability
is not necessarily a problem since some drugs do not have a strong exposure response or
exposure toxicity relation. In contrast, for drugs with a known small therapeutic range,
increased variability can be more problematic. To decrease the possible increased inter- and
intra-individual pharmacokinetic variability, an individual TDM approach is a possibility
to mitigate this risk.

Furthermore, drug-specific and disease-related risks can also be important factors.
Aside from the aforementioned risks, important exclusion criteria for risk mitigation can be
impairment of the gastrointestinal tract that can alter absorption, renal impairment, hepatic
impairment, pregnancy and lactation and severe therapy-associated toxicity.

4.3. Factors for Selecting a Pharmacokinetic Boosting Candidate

Aside from our ranked boosting candidates as shown in Table 3, additional factors for
selecting a boosting candidate have to be taken into account. Some kinase inhibitors are
also substrates for transporters such as P-gp and BCRP. P-gp is expressed in multiple organs
such as the small intestine, liver, kidney and the blood-brain barrier [53]. When drugs
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which are substrate for P-gp are boosted with a drug that is also a P-gp inhibitor or inducer,
this can cause suboptimal exposure or increased toxicity of the target drug. It is therefore
important that drug transporters are also taken into account when selecting a boosting
candidate. Some kinase inhibitors are inhibitors of their own metabolism (auto-inhibition)
which can complicate a boosting strategy [54]. However, boosting kinase inhibitors with
auto-inhibiting properties compel the need to guide therapy with TDM.

When the primary goal of pharmacokinetic boosting is to reduce treatment costs, the
pricing of the target drug is an important factor that has to be taken into account. Drugs
can be priced based on formulation strength or can be flat-priced with the same price
for different doses [55]. Expensive drugs that are priced based on formulation strength
(linear pricing) are more suitable for pharmacokinetic boosting for economic purposes
than flat-priced drugs [55]. However, drug manufacturers can change the pricing structure
to flat-based pricing to maximize revenues as a reaction to lower dosing regimens. This
was, for example, implemented by the manufacturer of ibrutinib in the United States after
a study showed equivalent efficacy of a lower ibrutinib dosing regimen [56]; however,
after public objection, this decision was reversed [57]. A changed pricing structure by a
manufacturer might therefore be a risk for a boosting strategy. Manipulation of dosage
forms could counter the issues presented by flat-based pricing, as was performed by
altering the sorafenib formulation [58]. Furthermore, it is important to consider and
estimate the projected therapeutic value for upcoming years and to indicate possible shifts
in overlapping indications. The study with crizotinib, for example, was prematurely
terminated because the first-choice treatment option shifted from crizotinib to alectinib,
making crizotinib boosting less clinically relevant [36]. In addition, factors such as total
costs per patient, annual volume and the patent expiration date of the candidate drug are
relevant factors when pharmacokinetic boosting is performed for economic purposes.

4.4. Clinical Trial Design of Studies Validating Pharmacokinetic Boosting

Pharmacokinetic boosting of kinase inhibitors might be applied in individual cases
with low exposure at high doses and suboptimal disease control. However, for pharma-
cokinetic boosting of a certain drug to become more widely applied or standard-of-care,
the result of pharmacokinetic boosting first has to be validated in a clinical trial. The first
step in a pharmacokinetic boosting study is to determine the bioequivalent dose of the
boosted regimen versus the non-boosted regimen. The kinase inhibitor dose with a booster
can be estimated using pharmacokinetic or drug–drug interaction data. The best starting
point is the manufacturer’s recommendation for dose adjustment when co-administered
with interacting drugs, such as a strong CYP3A4 inhibitor. Drug–drug interaction stud-
ies are generally available for new drugs with potential drug–drug interactions based
on preclinical pharmacology. Non-linearity in drug–drug interaction studies can be an
important factor for determining a good dose adjustment, such as a four-fold increase in
drug exposure when concomitantly administered with a strong CYP3A4 inhibitor that does
not necessarily translate to a dose reduction of 75%.

The estimated kinase inhibitor dose in combination with a booster drug has to be
compared to the standard dose without booster drug for at least pharmacokinetic and
safety endpoints. A bioequivalence clinical trial can be a method to compare the boosted
and non-boosted regimens. The EMA bioequivalence guideline advises designing the
clinical trial as a randomized, two-period, two-sequence, single-dose crossover with a
wash-out period between the two periods of a minimum of five half-lives [52]. For the
purpose of pharmacokinetic boosting, the EMA-recommended trial design, however, can
be amended to better accommodate the specific needs of a boosting trial. Blinding the
study drugs incorporates logistical issues and can complicate the clinical trial, increasing
the costs of the clinical trial. Pharmaceutical companies are not keen to sponsor boosting
trials because boosting potentially reduces the revenue of highly profitable drugs. Because
funding of a fully blind, randomized, placebo-controlled clinical trial can be challenging,
an open-label design is probably the most suitable for a clinical boosting study. For the
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purpose of ascertaining bioequivalence of boosted versus non-boosted, multiple doses can
be given to actual patients versus the single dose in healthy volunteers proposed by the
EMA guideline [52]. The number of participants in the clinical trial should be based on the
sample size calculation, with a minimum of 12. To determine bioequivalence at steady-
state, the AUC(0-t),ss, Cmax,ss and Tmax,ss have to be measured. Cmin can also be a useful
parameter to determine because it can be a surrogate marker for exposure. The acceptance
level of the 90% confidence interval of the ratio of boosted versus non-boosted AUC(0-t)
and Cmax,ss is ≥80% and ≤125%. This 80–125% acceptance interval can be tightened for
drugs with a narrow therapeutic index and can be widened for drugs with high (>30%)
intra-subject variability. For kinase inhibitors with no exposure–toxicity relation, it might
be considered to only use the lower boundary of the acceptance interval to ensure that the
boosted exposure is at least the exposure of the non-boosted dose. The Tmax only needs to
be statistically tested when a rapid onset of the tested drug is of clinical importance. When
the first few participants have completed the bioequivalence trial, an interim analysis to
review the preliminary bioequivalence results can be useful. When in the preliminary data
of the first few participants no bioequivalence is observed and the effect of boosting is
higher or lower than expected, the remaining participants can be switched to a higher or
lower dose for the remainder of the bioequivalence study part. When bioequivalence is
consequently ascertained for the boosted versus non-boosted regimen, the efficacy of the
boosted regimen can then be compared against the standard of care.

When pharmacokinetic equivalence of the boosting regimen has been established,
the second part of a boosting trial can consist of comparing the boosted regimen with
the non-boosted standard of care for safety and efficacy. The level of evidence needed
depends on the effect of the booster on the exposure [59]. When the boosted regimen
has a bioequivalent exposure compared to the non-boosted regimen, a study on efficacy
does not necessarily have to be performed [59]. However, alternative regimens where
bioequivalence is already determined are rarely used in clinical practice [59]. Even if the
boosted regimen is bioequivalent, further study of efficacy can be considered to strengthen
the evidence so that the boosted regimen has a greater chance of being implemented in
clinical practice. When efficacy evaluation is considered in a pharmacokinetic boosting
trial, it has the potential to have a cost-neutral clinical trial budget when the projected
high savings of the drug are realized during the trial. Patients can be randomly assigned
to the boosted regimen (intervention) arm or the non-boosted standard-of-care (control)
arm. Another option is to compare the boosted regimen (intervention) arm to a real-
life cohort of the same population as a control arm. Outcomes that can be considered
include overall survival, AUC(0-t), Cmax,ss, and Tmax,ss for bioequivalence and possibly
other pharmacokinetic parameters, efficacy endpoints based on the disease for which the
drug is used, and in general quality of life and event-free survival, safety endpoints such
as AEs and early mortality and exploratory endpoints such as inter- and intra-individual
variability, patient preference, cost-savings and medication adherence.

4.5. Role of Therapeutic Drug Monitoring in Pharmacokinetic Boosting of Kinase Inhibitors

Therapeutic drug monitoring (TDM) is usually practiced to optimize the dose of a
drug or minimize toxicity of a drug based on measured serum of plasma concentration and
using estimated or calculated individual pharmacokinetic parameters. Kinase inhibitors
are mainly dosed with a fixed dose derived from the maximum tolerated dose from phase
I and II clinical studies [60], which focus more on toxicity and less on efficacy. Therefore,
a clear exposure–response relationship cannot always be established; however, this does
not necessarily mean there is no exposure-response relationship present. Drugs without
exposure–response and exposure–toxicity relationships are unlikely to benefit from a TDM-
guided approach in routine clinical practice because it is not clear to which extent the dose
has to be adjusted.

Drugs with an exposure–response or exposure–toxicity relationship are good candi-
dates to incorporate TDM in the boosting regimen, especially for drugs where TDM is
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already proven to be of benefit [61,62]. Dose adjustments for boosting can be estimated
based on the known pharmacokinetic outcomes associated with efficacy and toxicity [49].
TDM guidance can therefore help individualizing the appropriate dose and potentially
reduce exposure variability. TDM guidance in this population can also lead to less toxicity
because overexposure of the drug of interest is detected early, and the dose can be decreased
accordingly. Drugs without a strong exposure–efficacy relationship, but with a known
small exposure–toxicity relationship, can also be guided by TDM. When a patient, for
example, presents with unexplainable toxicity, a drug concentration can be measured to
exclude drug overexposure as a possible explanation for the observed toxicity.

In cases of boosting, bioavailability is increased and/or systemic clearance is de-
creased. TDM can be used to individually titrate the dose and to ascertain bioequivalence
of a boosted regimen versus a non-boosted regimen. Further, it can be used to monitor
medication adherence. The added value of TDM of kinase inhibitors ideally has to be
established in a clinical trial, which is challenging to perform and can be expensive [63].

A drawback to implement TDM as part of the care is the required infrastructure, such
as a validated analytical method for measuring drug concentrations, which can be lacking.
Furthermore, the required infrastructure can be expensive to develop and maintain. It
might be helpful when there is an overview of laboratories which can perform TDM on
kinase inhibitors. TDM of kinase inhibitors can also introduce regulatory issues because
dose adjustments based on TDM can be off-label. Still, guiding boosted kinase inhibitors
with TDM can be of added value [62], but these disadvantages have to be recognized.

5. Conclusions

Pharmacokinetic boosting of kinase inhibitors is a promising, rapidly evolving and
already partly proven strategy, which has the potential to reduce interindividual variability,
reduce pill burden and drastically reduce treatment costs of expensive kinase inhibitors.
Current evidence consists of prospective clinical trials and some case reports, and several
clinical trials are ongoing. Ascertaining bioequivalence should be enough evidence to
implement a boosting regimen in clinical practice. TDM in routine clinical practice can be
of added value in guiding boosted regimens.
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Abstract: Orally administered, small-molecule anticancer drugs with tumor-specific cellular protein
targets (OACD) have revolutionized oncological pharmacotherapy. Nevertheless, the differences in
exposure to these drugs in the systemic circulation and extravascular fluid compartments have led to
several cases of therapeutic failure, in addition to posing unknown risks of toxicity. The therapeutic
drug monitoring (TDM) of OACDs in therapeutically relevant peripheral fluid compartments is
therefore essential. In this work, the available knowledge regarding exposure to OACD concentrations
in these fluid spaces is summarized. A review of the literature was conducted by searching Embase,
PubMed, and Web of Science for clinical research articles and case reports published between 10 May
2001 and 31 August 2022. Results show that, to date, penetration into cerebrospinal fluid has been
studied especially intensively, in addition to breast milk, leukocytes, peripheral blood mononuclear
cells, peritoneal fluid, pleural fluid, saliva and semen. The typical clinical indications of peripheral
fluid TDM of OACDs were (1) primary malignancy, (2) secondary malignancy, (3) mental disorder,
and (4) the assessment of toxicity. Liquid chromatography–tandem mass spectrometry was most
commonly applied for analysis. The TDM of OACDs in therapeutically relevant peripheral fluid
spaces is often indispensable for efficient and safe treatments.

Keywords: oral anticancer drugs; oncology; imatinib; precision pharmacotherapy; therapeutic drug
monitoring; cerebrospinal fluid

1. Introduction

The past two decades have seen the rise of a new era of targeted oncological pharma-
cotherapy. The novel treatment options have led to a tremendous increase in success rates
since the first market approval of the now generic imatinib (Gleevec®, 2001), an inhibitor
of the BCR-ABL oncogenic tyrosine kinase protein, and the first representative of orally
administered, small-molecule anticancer drugs with specific tumor-associated cellular
protein targets (OACDs). These synthetic molecules bind to proteins that are expressed
excessively or even exclusively in cancer cells, resulting in the inhibition of the functions of
cancer cells with a limited impact on non-malignant cells. Most OACDs are found in the
subgroup L01E of the Anatomical Therapeutic Chemical (ATC) classification system (level
1: “Antineoplastic and immunomodulating agents”, level 2: “Antineoplastic agents”, level
3: “Protein kinase inhibitors”), and are further classified at level 4 as BCR-ABL tyrosine
kinase inhibitors, epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors, B-raf
serine-threonine kinase (BRAF) inhibitors, anaplastic lymphoma kinase (ALK) inhibitors,
mitogen-activated protein kinase (MEK) inhibitors, cyclin-dependent kinase (CDK) in-
hibitors, mammalian target of rapamycin (mTOR) kinase inhibitors, human epidermal
growth factor receptor 2 (HER2) tyrosine kinase inhibitors, Janus-associated kinase (JAK)
inhibitors, vascular endothelial growth factor receptor (VEGFR) tyrosine kinase inhibitors,
Bruton’s tyrosine kinase (BTK) inhibitors, phosphatidylinositol-3-kinase (Pi3K) inhibitors,
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fibroblast growth factor receptor (FGFR) tyrosine kinase inhibitors, and “other” protein
kinase inhibitors. Further, four OACDs are listed under level 3 code “Other antineoplastic
agents” (ATC code: L01X) including histone deacetylase (HDAC) inhibitors, hedgehog
pathway inhibitors, and poly-ADP-ribose polymerase inhibitors.

The changes in the treatment of malignancies brought about by OACDs have been
revolutionary, considering their favorable adverse effect profiles and applicability as a
regular pill medication. Indeed, targeted therapies with OACDs offer significant benefits to
patients, clinicians, and the healthcare system with reduced treatment costs, milder and
more tolerable adverse effects, and improved prognoses [1]. The range of malignancies that
have been treated successfully keeps increasing, with regulatory agencies having granted
approvals to over 80 OACDs for treating various types of cancers including central nervous
system (CNS) tumors, hematological malignancies, gastrointestinal tumors, and melanoma,
as well as non-small cell lung carcinoma (NSCLC), since 2001 [1,2].

Targeted oral anticancer therapy has also brought along new challenges. OACDs
are most often administered in one-size-fits-all doses. Nevertheless, the remarkable inter-
individual variability in their pharmacokinetic properties raises the need for the individ-
ualization of OACD regimens based on the monitoring of drug exposure [3]. Therapy
adherence also influences the outcome of the treatment [1]. An increasing number of publi-
cations suggests that therapeutic drug monitoring (TDM), as well as the pharmacokinetic
interpretation of TDM results, have key importance in optimizing targeted oncotherapy
using OACDs [4,5]. The first consensus guideline regarding the TDM of an OACD was
published on imatinib in 2021 [6].

The appearance OACDs in physiological or pathologically formed extravascular fluid
compartments and in excreta has been demonstrated to bear fundamental clinical relevance.
“Peripheral fluid space” is used in the current work to describe fluid compartments in which
the repeated measurement of OACD concentrations bears direct therapeutic or toxicological
relevance, either because they represent the availability of the drug at the site of the desired
or undesired effect, or because the pathological formation of the fluid compartment as a
third space alters the availability of the drug in an unpredictable manner. Two exemptions
are made. Urine is a physiological excretion end product from which OACDs are not
reabsorbed, presenting a fraction no longer biologically available. The appearance of
OACDs in amniotic fluid may be informative, but the monitoring of drug levels is unlikely
to be associated with any changes in the mater’s medical care, while amniocentesis cannot
be viewed as a potential intervention for optimizing OACD therapy. Therefore, we do
not recommend the consideration of urine and amniotic fluid as therapeutically relevant
peripheral fluid spaces in this context.

Two clinical situations highlight the need for a paradigm shift in the administration of
OACDs involving their monitoring in these fluid spaces. First, reports have consistently
shown that the amounts of several OACDs which pass through the blood–brain barrier are
extremely low. This often leads to failure in treating CNS malignancies in spite of the at-
tainment of sufficient systemic drug exposure [7]. Second, breastfeeding women diagnosed
with malignant disorders have been observed to pass on relatively large amounts of the
OACD and its metabolites with their breast milk, resulting in unknown biological effects in
the lactated infant [8–10]. While the approved full prescribing information documents of
several OACDs advise women not to breastfeed their infants while taking the medication,
the prescription labels are neither categorical, nor consistent in this respect. Overall, it
is rational to assume that, in several clinical cases, TDM- and pharmacokinetics-based
therapeutic strategies will have to target exposure to OACDs in these peripheral spaces.

To facilitate further research, the aims of this review are (1) to provide a comprehensive
overview of the available knowledge regarding the distribution of OACDs to the peripheral
fluid spaces, and (2) to explore the methodological approaches employed for the clinical
monitoring of the concentrations of OACDs in peripheral fluid spaces.
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2. Materials and Methods

Due to the types of publications available, a systematic review could not be conducted;
however, adhered to the applicable items of the PRISMA Guidelines [11]. The review
was not registered. Only substances with per os formulations authorized for human
use, identified specific oncogenic cellular protein targets, and a molecular weight not
exceeding 1500 Da were assessed. The range of drugs covered is listed under the level
3 ATC code L01E, and under the level 4 codes L10XH, L10XJ, L10XK, and L10XX (as of
12 December 2022, Table 1).

Table 1. Orally taken, small-molecule anticancer medications with specific cellular protein targets
which have been measured in peripheral fluid spaces to support clinical decision making. CSF,
cerebrospinal fluid; PBMC, peripheral blood mononuclear cells.

ATC Code International
Nonproprietary Name Target Cellular Protein Monitored

Peripheral Fluid Ref.

L01EA01 Imatinib BCR-ABL tyrosine kinase
CSF, breast milk,

leukocytes, PBMC,
semen

[12–26]

L01EA02 Dasatinib BCR-ABL tyrosine kinase CSF [12,27,28]
L01EA03 Nilotinib BCR-ABL tyrosine kinase CSF, pleural fluid [29–36]
L01EA05 Ponatinib BCR-ABL tyrosine kinase CSF [37]

L01EB01 Gefitinib Epidermal growth factor receptor
tyrosine kinase

CSF, pleural fluid,
peritoneal dialysis

fluid
[38–46]

L01EB02 Erlotinib Epidermal growth factor receptor
tyrosine kinase CSF, pleural fluid [45–58]

L01EB03 Afatinib Epidermal growth factor receptor
tyrosine kinase CSF [59–61]

L01EB04 Osimertinib Epidermal growth factor receptor
tyrosine kinase CSF [62–65]

L01EB08 Icotinib Epidermal growth factor receptor
tyrosine kinase CSF [66,67]

L01EC01 Vemurafenib B-raf serine-threonine kinase CSF [68]
L01EC02 Dabrafenib B-raf serine-threonine kinase CSF [69]
L01ED01 Crizotinib Anaplastic lymphoma kinase CSF [70–73]
L01ED02 Ceritinib Anaplastic lymphoma kinase CSF [74]
L01ED03 Alectinib Anaplastic lymphoma kinase CSF [75,76]
L01ED05 Lorlatinib Anaplastic lymphoma kinase CSF [77]
L01EE01 Trametinib Mitogen-activated protein kinase CSF [69]
L01EF02 Ribociclib Cycline dependent kinase CSF [12,78–80]
L01EG02 Everolimus Mammalian target of rapamycin breast milk, saliva [81,82]

L01EH01 Lapatinib Human epidermal growth factor
receptor 2 tyrosine kinase CSF [83]

L01EH02 Neratinib Human epidermal growth factor
receptor 2 tyrosine kinase CSF [84]

L01EL01 Ibrutinib Bruton’s tyrosine kinase CSF [85,86]
L01EL03 Zanubrutinib Bruton’s tyrosine kinase CSF [87]
L01EX01 Sunitinib Other protein kinase Ascitic fluid [88]
L01EX03 Pazopanib Other protein kinase Ascitic fluid [88]
L01EX05 Regorafenib Other protein kinase CSF [12,89]
L01EX09 Nintedanib Other protein kinase CSF [12]
L01EX21 Tepotinib Other protein kinase CSF [90,91]
L01EX23 Pralsetinib Other protein kinase CSF [65]
L01XH01 Vorinostat Histone deacetylase CSF [12]
L01XH03 Panobinostat Histone deacetylase CSF [12,92,93]
L01XJ01 Vismodegib Hedgehog pathway proteins CSF [94]
L01XX52 Venetoclax bcl-2 protein CSF [95,96]

2.1. Database Search

A search of the following databases was performed:
1. The database of the National Library of Medicine, National Center for Biotechnology

Information (National Library of Medicine, Bethesda, MD, USA, https://pubmed.ncbi.nlm.
nih.gov), keyword combination: (abemaciclib OR acalabrutinib OR afatinib OR alectinib
OR alpelisib OR anagrelide OR asciminib OR avapritinib OR axitinib OR belzutifan OR
binimetinib OR bosutinib OR brigatinib OR cabozantinib OR capmatinib OR ceritinib OR
cobimetinib OR copanlisib OR crizotinib OR dabrafenib OR dacomitinib OR dasatinib OR
duvelisib OR encorafenib OR entrectinib OR erdafitinib OR erlotinib OR everolimus OR
fedratinib OR gefitinib OR gilteritinib OR glasdegib OR ibrutinib OR icotinib OR idelalisib
OR imatinib OR infigratinib OR ivosidenib OR ixazomib OR lapatinib OR larotrectinib
OR lenvatinib OR lorlatinib OR midostaurin OR mitotane OR neratinib OR nilotinib OR
nintedanib OR niraparib OR olaparib OR osimertinib OR pacritinib OR palbociclib OR
panobinostat OR pazopanib OR pemigatinib OR pexidartinib OR ponatinib OR pralsetinib
OR regorafenib OR ribociclib OR ripretinib OR rucaparib OR ruxolitinib OR selinexor OR
selpercatinib OR selumetinib OR sonidegib OR sorafenib OR sotorasib OR sunitinib OR
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talazoparib OR tazemetostat OR tepotinib OR tivozanib OR trametinib OR tucatinib OR
vandetanib OR vemurafenib OR venetoclax OR vismodegib OR vorinostat OR zanubrutinib
OR tyrosine kinase inhibit OR PARP) AND (saliva OR cerebrospinal fluid OR liquor OR
pleural effusion OR peritoneal dialysis OR interstitial fluid OR brain microdialysis OR
semen OR follicular fluid OR tear OR breast milk OR milk OR mother’s milk) AND
(concentration OR chromatography OR mass spectrometry OR therapeutic drug monitoring
OR levels).

2. The Web of Science (ClarivateTM, Chandler, AZ, USA, https://webofscience.com)
keyword combination: (abemaciclib OR acalabrutinib OR afatinib OR alectinib OR alpelisib
OR anagrelide OR asciminib OR avapritinib OR axitinib OR belzutifan OR binimetinib OR
bosutinib OR brigatinib OR cabozantinib OR capmatinib OR ceritinib OR cobimetinib OR
copanlisib OR crizotinib OR dabrafenib OR dacomitinib OR dasatinib OR duvelisib OR
encorafenib OR entrectinib OR erdafitinib OR erlotinib OR everolimus OR fedratinib OR
gefitinib OR gilteritinib OR glasdegib OR ibrutinib OR icotinib OR idelalisib OR imatinib
OR infigratinib OR ivosidenib OR ixazomib OR lapatinib OR larotrectinib OR lenvatinib
OR lorlatinib OR midostaurin OR mitotane OR neratinib OR nilotinib OR nintedanib OR
niraparib OR olaparib OR osimertinib OR pacritinib OR palbociclib OR panobinostat OR
pazopanib OR pemigatinib OR pexidartinib OR ponatinib OR pralsetinib OR regorafenib
OR ribociclib OR ripretinib OR rucaparib OR ruxolitinib OR selinexor OR selpercatinib
OR selumetinib OR sonidegib OR sorafenib OR sotorasib OR sunitinib OR talazoparib OR
tazemetostat OR tepotinib OR tivozanib OR trametinib OR tucatinib OR vandetanib OR
vemurafenib OR venetoclax OR vismodegib OR vorinostat OR zanubrutinib OR ’tyrosine
kinase inhibit’ OR PARP) AND (saliva OR ’cerebrospinal fluid’ OR liquor OR ’pleural
effusion’ OR ’peritoneal dialysis’ OR ’interstitial fluid’ OR ’brain microdialysis’ OR semen
OR follicular fluid OR tear OR breast milk) AND (concentration OR chromatography OR
’mass spectrometry’ OR ’therapeutic drug monitoring’ OR levels).

3. The Embase database (Elsevier B.V., Amsterdam, The Netherlands, https://embase.
com), keyword combination: (abemaciclib OR acalabrutinib OR afatinib OR alectinib
OR alpelisib OR anagrelide OR asciminib OR avapritinib OR axitinib OR belzutifan OR
binimetinib OR bosutinib OR brigatinib OR cabozantinib OR capmatinib OR ceritinib OR
cobimetinib OR copanlisib OR crizotinib OR dabrafenib OR dacomitinib OR dasatinib OR
duvelisib OR encorafenib OR entrectinib OR erdafitinib OR erlotinib OR everolimus OR
fedratinib OR gefitinib OR gilteritinib OR glasdegib OR ibrutinib OR icotinib OR idelalisib
OR imatinib OR infigratinib OR ivosidenib OR ixazomib OR lapatinib OR larotrectinib
OR lenvatinib OR lorlatinib OR midostaurin OR mitotane OR neratinib OR nilotinib OR
nintedanib OR niraparib OR olaparib OR osimertinib OR pacritinib OR palbociclib OR
panobinostat OR pazopanib OR pemigatinib OR pexidartinib OR ponatinib OR pralsetinib
OR regorafenib OR ribociclib OR ripretinib OR rucaparib OR ruxolitinib OR selinexor OR
selpercatinib OR selumetinib OR sonidegib OR sorafenib OR sotorasib OR sunitinib OR
talazoparib OR tazemetostat OR tepotinib OR tivozanib OR trametinib OR tucatinib OR
vandetanib OR vemurafenib OR venetoclax OR vismodegib OR vorinostat OR zanubrutinib
OR tyrosine kinase inhibit OR PARP) AND (saliva OR cerebrospinal fluid OR liquor OR
pleural effusion OR peritoneal dialysis OR interstitial fluid OR brain microdialysis OR
semen OR follicular fluid OR tear OR breast milk OR milk) AND (concentration OR
chromatography OR mass spectrometry OR therapeutic drug monitoring OR levels).

Scientific works published between 10 May 2001 and 31 August 2022 were evaluated.
Since, to the best of the authors’ knowledge, no reviews have been previously written in
the same topic, the searched time range was selected to cover the entire period OACDs
have been available on the market. No filtering or limiting settings were applied. In the
Embase and Web of Science databases, the search was conducted in the titles and in the
abstracts (“Title or Abstract”).

In addition, a manual Google search was conducted using the following query terms:
“name of drug” AND “therapeutic drug monitoring”, “name of drug” + “milk”, “name of
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drug” + “liquor”, “name of drug” + “cerebrospinal fluid”, “name of drug” + “semen”, and
“name of drug” + “liquid chromatography mass spectrometry”.

Each database record was evaluated by two reviewers (Z.K. and G.B.K.) who also
conducted the manual research. Duplicate publications were removed by Z.K. before
screening. No automation tools were employed for evaluating the eligibility of the records.

2.2. Screening Eligible Database Records

The workflow of retrieving research articles for full evaluation is shown in Figure 1.
The evaluation of the records was performed by Z.K. and G.B.K.
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First, duplicates of the PubMed records were removed from the results of the Embase
and Web of Science database search. The remaining records were subsequently assessed
individually for meeting basic requirements. Only peer-reviewed full manuscripts written
in English, assigned an individual digital object identifier, and made available online by
the publisher within the searched period were considered for further screening. Level 2
screening was based on the contents of the title and the abstract. Only records with an
explicit evidence of ineligibility were removed at this level. The type of the article was the
first object of assessment. Articles presenting randomized and nonrandomized registered
clinical studies, non-registered, researcher-initiated clinical studies, retrospective observa-
tional studies, case series (describing 2 cases or more with the individual assessment of
subjects), and individual case reports were included for further evaluation. Book chap-
ters, comment articles, editorials, meta-analyses, practical guidelines, research protocols,
scoping reviews, and systematic reviews were not considered. Second, articles describing
experiments in which the subjects were not humans, i.e., in vitro experiments or in vivo
animal studies, were removed. Subsequently, studies performed with the participation
of human subjects, but without the aim to evaluate or to support decisions related to
their medical treatment, i.e., without direct therapeutic relevance (e.g., with the inclusion
of healthy volunteers, or conducted with the only aim to deliver pharmacokinetic data),
or including medical intervention which, by current understanding, would not be part
of the clinical practice (e.g., monitoring drug levels in cord blood or in amniotic fluid to
evaluate the exposure of the fetus) were eliminated. Finally, studies explicitly performed
without the monitoring of any of the drugs listed in Table 1 in a peripheral fluid space were
also excluded.

In the phase of full manuscript screening, the first object of assessment was the ethical
review board approval. Case reports and case series were exempt from this requirement.
Articles continued to be retained if explicit evidence was found in the main text confirming
that the study had been performed with direct therapeutic relevance, as described for level
2 screening. The presentation of the results of monitoring at least one drug displayed in
Table 1 in a peripheral fluid space was a further requirement for inclusion. Articles not
excluded in this phase were subject to full evaluation. The full manuscripts retrieved by
manual search were screened in an identical manner before inclusion.

2.3. Data Evaluation and Visualization

All descriptive information on the database records and the contents of the manuscripts
found were stored and processed using Microsoft Excel. The year-normalized number
of publications on each drug was calculated as npubl/nyear, where npubl is the number of
included publications on the drug, and nyear is the number of years the drug had been
available on the market. The latter was defined as the period starting with the day of the first
approval by the American Food and Drug Administration, and ending on 31 August 2022.
Visualization was carried out using Microsoft Office applications.

3. Results
3.1. Summary of the Findings of the Literature Review

The database search yielded a set of 1503 potentially relevant articles (732, 305, and
466 hits in PubMed, Web of Science, and Embase, respectively). Four-hundred and seventy-
four duplicates were removed. Of the remaining 1029 papers, 258 were presentation
abstracts, and 31 were not written in English. In a single case, a record was listed with false
authors. These records were also excluded. The manual search yielded five additional hits
which were subsequently found in the PubMed database, but had not been listed by the
automatic search. The assessment of the remaining 739 articles based on title and abstract
resulted in the exclusion of further 546 publications. Forty-three articles were excluded
based on their type. Three hundred and ninety works described in vitro experiments or
in vivo animal studies, and 35 were conducted in humans, but without a direct therapeutic
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goal. Seventy-eight studies were excluded based on evidence retrieved from the title and/or
the abstract that drug concentrations were not monitored in any peripheral fluid space.

All of the 193 publications retained for full evaluation could be retrieved from the web-
sites of the publishers. An in-depth study of these manuscripts resulted in the elimination
of 113 publications. The authors of two papers failed to present evidence of the approval
of an ethical review board for conducting research on humans. Thirty-five studies were
not performed in humans, and five were conducted without direct therapeutic relevance.
Seventy-one works were excluded because drug concentrations were not monitored in
any peripheral fluid space. The remaining 80 publications were selected for the detailed
review (Figure 1, Table 2). Overall, 34% of the included publications were individual case
reports, 31% were registered clinical studies, 19% were case series, 13% were non-registered,
researcher-initiated studies, and 3% were retrospective observational studies.

Table 2. Characteristics of the included articles. ALL, acute lymphocytic leukemia. AML, acute myeloid
leukemia. CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; CML-BC, chronic
myeloid leukemia with blast crisis; CNS, central nervous system; CSF, cerebrospinal fluid; HIV, human
immunodeficiency virus; LM, leptomeningeal metastasis; NSCLC, non-small cell lung cancer; PBMC,
peripheral blood mononuclear cell; PFS, peripheral fluid sample; Ph +, Philadelphia chromosome-positive.

First Author, Year Drug Type of Study Patient Population
Number of

Subjects
Donating

Samples for TDM

Period of
Recruitment

Outcomes
Measured Ref.

Hoffknecht, 2015 Afatinib Case series
2 adults with advanced

NSCLC with brain
metastasis or

leptomeningeal disease

Blood: 2
PFS: 2

May 2010 to
December 2013

Afatinib in CSF
and in plasma [59]

Kawaguchi, 2017 Afatinib Case report

Adult (female, 41 years)
with stage IV lung

adenocarcinoma and
cerebral metastasis

Blood: 1
PFS: 1 Not applicable Afatinib in CSF

and in plasma [60]

Tamiya, 2017 Afatinib
Registered clinical

study
(UMIN000014065)

11 adults with
histologically proven

EGFR mutation-positive
NSCLC with LMC

Blood: 11
PFS: 8

April 2014 to
November 2015

Afatinib in CSF
and in plasma [61]

Gadgeel, 2014 Alectinib
Registered clinical

study
(NCT01588028)

47 adults with locally
advanced or metastatic
NSCLC with ALK gene

rearrangement

Blood: 5
PFS: 5

3 May 2012 to
26 July 2013

Alectinib in CSF
and in plasma [75]

Metro, 2016 Alectinib Case series
11 ALK-positive NSCLC

patients with CNS
metastasis

Blood: 2
PFS sample: 2

December 2013 to
August 2015

Alectinib in CSF
and in serum [76]

Mehta, 2021 Ceritinib
Registered clinical

study
(NCT02605746)

10 adults with
glioblastoma

necessitating resection
Blood: 10

PFS: 8 Not reported Ceritinib in CSF
and in plasma [74]

Costa, 2011 Crizotinib Case report
Adult (male, 29 years)
with stage IV NSCLC
and CNS metastasis

Blood: 1
PFS: 1 Not applicable Crizotinib in CSF

and in plasma [70]

Metro, 2015 Crizotinib Case series

2 adults with
ALK-positive advanced

NSCLC and CNS
metastasis

Blood: 2
PFS: 2 Not applicable Crizotinib in CSF

and in plasma [71]

Okawa, 2018 Crizotinib Case report
Adult (male, 60 years)

with NSCLC and
isolated CNS failure

Blood: 1
PFS: 1 Not applicable Crizotinib in CSF

and in plasma [72]

Okimoto, 2019 Crizotinib Case report

Adult (male, 61 years)
with NSCLC and

carcinomatous
meningitis

Blood: 1
PFS: 1 Not applicable Crizotinib in CSF

and in plasma [73]

Hottinger, 2019 Dabrafenib,
trametinib Case series 2 adults with

leptomeningeal tumor
Blood: 2
PFS: 2 2017

Dabrafenib and
trametinib in CSF

and in plasma
[69]

Guntner, 2020

Dasatinib,
imatinib,

nintedanib,
panobinostat,
regorafenib,
ribociclib,
vorinostat

Case series

12 pediatric patients
(ages: 7.5–20.3) with

primary and secondary
malignant brain tumors

Blood: 1
PFS: 9 Not reported

Imatinib,
dasatinib,

nintedanib,
panobinostat,
regorafenib,

ribociclib and
vorinostat in CSF

[12]

Kondo, 2014 Dasatinib Case report
Adult (female, 58 years)

with Ph + ALL and
meningeal leukemia

Blood: 1
PFS: 1 Not applicable Dasatinib in CSF

and in plasma [27]
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Table 2. Cont.

First Author, Year Drug Type of Study Patient Population
Number of

Subjects
Donating

Samples for TDM

Period of
Recruitment

Outcomes
Measured Ref.

Gong, 2021 Dasatinib
Registered clinical

study
(NCT02523976)

31 adults with newly
diagnosed Ph + ALL

Blood: 31
PFS: 31

January 2016 to
April 2018

Dasatinib in CSF
and in plasma [28]

Shriyan, 2020 Erlotinib,
gefitinib

Non-registered,
researcher-
initiated

study

20 adults with NSCLC
and brain metastasis

Blood: 20
PFS: 20

August 2014 to
July 2017

Erlotinib in CSF
and in plasma,
gefitinib in CSF
and in plasma

[46]

Broniscer, 2007 Erlotinib Case report
Pediatric patient (female,

8 years) with
glioblastoma

Blood: 1
PFS: 1 Not applicable Erlotinib in CSF

and in plasma [47]

Rogers, 2010 Erlotinib Case report

Adult (female, 33 years)
with CNS

hemangioblastomatosis
associated with von

Hippel-Lindau disease

Blood: 1
PFS: 1 Not reported Erlotinib in CSF

and in plasma [48]

Masago, 2011 Erlotinib

Non-registered,
researcher-
initiated

study

9 adult patients with
advanced NSCLC

Blood: 9
PFS: 9

June 2009 to
December 2009

Erlotinib and
OSI-420 in pleural

effusate and in
plasma

[49]

Masuda, 2011 Erlotinib Case series 3 adults (NSCLC with
LM)

Blood: 3
PFS: 3 Not applicable Erlotinib in CSF

and in plasma [50]

Togashi, 2010 Erlotinib Case series 4 adults with NSCLC
and CNS metastasis

Blood: 4
PFS: 4 Not reported Erlotinib in CSF

and in plasma [51]

Deng, 2013 Erlotinib

Non-registered,
researcher-
initiated

study

6 adults (NSCLC) Blood: 6
PFS: 6

March 2011 to
March 2012

Erlotinib in CSF
and in plasma [52]

Sakata, 2016 Erlotinib Case report Adult (female, 54 years)
with NSCLC and LM

Blood: 1
PFS: 1 Not applicable Erlotinib in CSF

and in plasma [53]

Clarke, 2010 Erlotinib Case report
Adult (female, 54 years)
with stage IV NSCLC

and LM

Blood: 1
PFS: 1 Not applicable Erlotinib in CSF

and in plasma [54]

Yang, 2015 Erlotinib
Retrospective
observational

study

9 adults with lung
adenocarcinoma and

refractory CNS
metastases

Blood: 6
PFS: 6

January 2011 to
June 2013

Erlotinib in CSF
and in plasma [55]

Togashi, 2011 Erlotinib Case series 9 adults with NSCLC
and CNS metastasis

Blood: 9
PFS: 9 Not reported Erlotinib in CSF

and in plasma [56]

Fukudo, 2013 Erlotinib

Non-registered,
researcher-
initiated

study

88 adults with NSCLC Blood: 88
PFS: 23

June 2009 to
March 2012

Erlotinib in CSF
and in plasma [57]

Nosaki, 2020 Erlotinib
Registered clinical

study
(UMIN000007020)

21 adults (stage IV
NSCLC or its recurrence

with LM)
Blood: 14
PFS: 12

December 2011 to
May 2015

Erlotinib in CSF
and in plasma [58]

DeWire, 2021 Everolimus,
ribociclib

Registered clinical
study

(NCT03387020)

22 pediatric patients
(ages: 3.9–20.4) with a

recurrent, progressive or
refractory brain tumor

Blood: 22
PFS: 5

January 2018 to
April 2020

Ribociclib in CSF
and in plasma,
everolimus in

blood

[80]

Fiocchi, 2016 Everolimus Case report

Adult (female, 40 years)
with pregnancy after

undergoing heart
transplant

Blood: 1
PFS: 1 Not applicable

Everolimus in
breast milk

(colostrum) and in
plasma

[81]

Molenaar-Kuijsten,
2022 Everolimus

Registered clinical
study (EudraCT
2014-004,833-25;

NTR4908)

10 adults with stomatitis Blood: 10
PFS: 10 Not reported

Everolimus in
saliva and in

plasma
[82]

Yamaguchi, 2015 Gefitinib Case report
Adult (male, 72 years)
lung adenocarcinoma
and brain metastasis

Blood: 1
PFS: 1 Not applicable

Gefitinib in
pleural effusate,

peritoneal effusate
dialysate, and

plasma

[38]

Fukuhara, 2008 Gefitinib Case report

Adult (male, 62 years)
with stage IV lung

cancer and
carcinomatous

meningitis

Blood: 1
PFS: 1 Not applicable Gefitinib in CSF

and in plasma [39]

Zhao, 2013 Gefitinib

Non-registered,
researcher-
initiated

study

22 adults (NSCLC) Blood: 22
PFS: 22

March 2007 to
December 2010

Gefitinib in CSF
and in plasma [40]

Zeng, 2015 Gefitinib

Non-registered,
researcher-
initiated

study

28 adults with NSCLC
and brain metastasis

Blood: 28
PFS: 28

October 2009 to
March 2011

Gefitinib in CSF
and in plasma [41]
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First Author, Year Drug Type of Study Patient Population
Number of

Subjects
Donating

Samples for TDM

Period of
Recruitment

Outcomes
Measured Ref.

Zhao, 2016 Gefitinib Case series
7 adults with NSCLC

with intracranial and/or
extracranial progression

Blood: 5
PFS: 5

February 2009 to
May 2013

Gefitinib in CSF
and in plasma [42]

Jackman, 2015 Gefitinib
Registered clinical

study
(NCT00372515)

7 adults with NSCLC
and LM

Blood: 7
PFS: 7

May 2006 and
July 2008

Gefitinib in CSF
and in plasma [43]

Fang, 2015 Gefitinib Case series
3 adults with lung

adenocarcinoma and
brain metastasis

Blood: 3
PFS: 3 Not reported Gefitinib in CSF

and in plasma [44]

Togashi, 2012 Gefitinib,
erlotinib

Non-registered,
researcher-
initiated

study

15 adults (NSCLC with
CNS metastases with

EGFR mutations)

Gefitinib:
Blood: 8
PFS: 8

Erlotinib:
Blood: 9
PFS: 9

April 2010 to
March 2012

(1) Gefitinib in
CSF and in
plasma;

(1) Erlotinib in
CSF and in
plasma

[45]

Law, 2021 Ibrutinib Case series

2 adults with
Epstein–Barr

virus-associated primary
CNS lymphoma

Blood: 1
PFS: 1 Not applicable Ibritunib in CSF

and in plasma [85]

Yu, 2021 Ibrutinib
Retrospective
observational

study

3 adults with primary
central nervouos system

lymphoma

Blood: 3
PFS: 1

August 2017 to
May 2020

Ibrutinib in CSF
and in plasma [86]

Fan, 2015 Icotinib
Registered clinical

study
(NCT01514877)

20 adults with NSCLC
and brain metastasis

Blood: 10
PFS: 10

February 2012 to
March 2013

Icotinib in CSF
and in plasma [66]

Zhou, 2016 Icotinib
Registered clinical

study
(NCT01516983)

15 adults with NSCLC
and brain metastasis

Blood: 15
PFS: 13

13 February 2012
to 24 July 2013

Icotinib in CSF
and in plasma [67]

Nambu, 2011 Imatinib

Non-registered,
researcher-
initiated

study

15 adults with CML Blood: 15
PFS: 15 2003 to 2008

Imatinib in
leukocytes and in

plasma
[13]

De Francia, 2014 Imatinib

Non-registered,
researcher-
initiated

study

24 adults with Ph + CML Blood: 24
PFS: 24 Not reported

Imatinib in
PBMC’s and in

plasma
[14]

Petzer, 2002 Imatinib Case report
Adult (male, 52 years)
with CML with CNS

relapse

Blood: 1
PFS: 1 Not applicable Imatinib in CSF

and in plasma [15]

Takayama, 2002 Imatinib Case report
Adult (female, 32 years)
with Ph + ALL and CNS

leukemia

Blood: 1
PFS: 1 Not applicable Imatinib in CSF

and in plasma [16]

Bornhauser, 2004 Imatinib Case report
Adult (female, 56 years)

with Ph + CML and CNS
leukemia

Blood: 1
PFS: 1 Not applicable

Imatinib and
N-desmethyl

imatinib in CSF
and in plasma

[17]

le Coutre, 2004 Imatinib

Non-registered,
researcher-
initiated

study

97 subjects with
BCR/ABL + CML or

BCR/ABL + ALL

Blood: 97
PFS: 17 Not reported

Imatinib and
N-desmethyl

imatinib in CSF
and in plasma

[18]

Leis, 2004 Imatinib

Registered clinical
study

(CSTI5710102,
CSTI15710109)

42 adults with CML in
blast crisis, or Ph + ALL

Blood: 4
PFS: 4 Not reported Imatinib in CSF

and in plasma [19]

Russell, 2007 Imatinib Case series 2 adults with Ph + CML Blood: 1
PFS: 1 Not applicable

Imatinib in breast
milk and in

plasma
[20]

Gambacorti-Passerini,
2007 Imatinib Case report Adult (female, 40 years)

with CML
Blood: 1
PFS: 1 Not applicable

Imatinib in breast
milk and in

plasma
[21]

Ali, 2009 Imatinib Case report Adult (female, 27 years)
with Ph + CML

Blood: 1
PFS: 1 Not applicable

Imatinib in breast
milk and in

plasma
[22]

Kronenberger,
2009 Imatinib Case report Adult (female, 34 years)

with CML
Blood: 1
PFS: 1 Not applicable

Imatinib in breast
milk and in

plasma
[23]

Burwick, 2017 Imatinib Case report Adult (female, 29 years)
with Ph + CML

Blood: 1
PFS: 1 Not applicable

Imatinib in breast
milk and in

plasma
[24]

Terao, 2020 Imatinib Case report Adult (female, 32 years)
with Ph + CML

Blood: 1
PFS: 1 Not applicable

Imatinib in breast
milk and in

plasma
[25]

Chang, 2017 Imatinib

Non-registered,
researcher-
initiated

study

108 males (15–51 years)
with CML-CP, infertility,

or controls

Blood: 48
PFS: 11

January 2010 to
December 2014

Imatinib in semen
and in plasma [26]
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Gori, 2014 Lapatinib Case series 2 adults with HER2 +
metastatic breast cancer

Blood: 2
PFS: 2 Not applicable Lapatinib in CSF

and in plasma [83]

Sun, 2022 Lorlatinib
Registered clinical

study
(NCT01970865)

54 patients with NSCLC
and suspected or

confirmed
leptomeningeal

carcinomatosis or
carcinomatous

meningitis

Blood: 54
PFS: 5 Not reported Lorlatinib in CSF

and in plasma [77]

Freedman, 2020 Neratinib
Registered clinical

study
(NCT01494662)

5 adults with HER2 +
breast cancer and brain

metastases in whom
craniotomy was

indicated

Blood: 2
PFS: 3

22 May 2013 to
18 October 2016

Neratinib in CSF
and in plasma [84]

Reinwald, 2014 Nilotinib Case series
4 patients aged > 15

years with BCR-ABL +
ALL or CML-BC

Blood: 4
PFS: 4 Not reported Nilotinib in CSF

and in plasma [29]

Liu, 2019 Nilotinib
Registered clinical

study (ChiCTR-
ONC-12002469)

30 subjects aged > 15
years with newly

diagnosed Ph + ALL

Blood: 30
PFS: 30

14 September 2011 to
21 November 2013

Nilotinib in CSF
and in plasma [30]

Satoh, 2021 Nilotinib Case report Adult (male, 23 years)
with CML

Blood: 1
PFS: 1 Not applicable

Nilotinib in
pleural effusate
and in plasma

[31]

Pagan, 2016 Nilotinib
Registered clinical

study
(NCT02281474)

12 adults with
Parkinson’s disease or
Dementia with Lewy

Bodies

Blood: 12
PFS: 12 Not reported Nilotinib in CSF

and in plasma [32]

Pagan, 2019 Nilotinib
Registered clinical

study
(NCT02954978)

75 adults with
Parkinson’s disease

Blood: 75
PFS: 75 Not reported Nilotinib in CSF

and in plasma [33]

Pagan, 2020 Nilotinib Registered clinical
study(NCT02954978)

75 adults with
Parkinson’s disease

Blood: 75
PFS: 75

17 May 2017 to
28 April 2018

Nilotinib in CSF
and in plasma [34]

Simuni, 2021 Nilotinib
Registered clinical

study
(NCT03205488)

76 adults with
Parkinson’s disease

Blood: 41
PFS: 42

November 2017 to
December 2018

Nilotinib in CSF
and in plasma [35]

Turner, 2020 Nilotinib
Registered clinical

study
(NCT02947893)

37 adults with
Alzheimer’s disease

Blood: 37
PFS: 37 Not reported Nilotinib in CSF

and in plasma [36]

Song, 2019 Osimertinib Case report Adult with NSCLC and
LM

Blood: 1
PFS: 1 Not applicable Osimertinib in

CSF and in plasma [62]

Xing, 2020 Osimertinib
Registered clinical

study
(NCT02972333)

38 adults with refractory
NSCLC and CNS

metastasis

Blood: 12
PFS: 12

January 2017 to
September 2017

Osimertinib in
CSF and in plasma [63]

Yamaguchi, 2021 Osimertinib

Registered clinical
study

(UMIN000024218,
jRCTs071180017)

40 adults with
confirmed NSCLC and

CNS metastasis
Blood: 37

PFS: 7
27 December 2016

to 4 July 2019
Osimertinib in

CSF and in plasma [64]

Rasmussen, 2015 Panobinobstat
Registered clinical

study
(NCT01680094)

15 adults with HIV
infection

Blood: 0
PFS: 11

September 2012 to
February 2014

Panobinostat in
CSF [92]

Goldberg, 2020 Panobinostat
Registered clinical

study
(NCT01321346)

22 pediatric patients
with relapsed or
refractory acute

leukemia or lymphoma

Blood: 9
PFS: not reported

3 November 2011
to 31 July 2015

Panobinostat in
CSF and in plasma [93]

Krens, 2021 Pazopanib Case report

Adult (male, 79 years)
with metastatic papillary

renal cell carcinaoma
and malignant ascites

Blood: 1
PFS: 1 Not applicable

Pazopanib in
ascitic fluid and in

plasma
[88]

Tanimura, 2021 Ponatinib Case report
Pediatric patient (girl, 3
years) with Ph + ALL
and CNS infiltration

Blood: 1
PFS: 1 Not applicable Ponatinib in CSF

and in plasma [37]

Zhao, 2022 Pralsetinib Case report
Adult (female, 43 years)

with lung cancer and
meningeal metastases

Blood: 1
PFS: 1 Not applicable Pralsetinib in CSF

and in plasma [65]

Zeiner, 2019 Regorafenib
Retrospective
observational

study

21 adults with recurrent
malignant glioma

Blood: 3
PFS: 3

August 2018 to
July 2019

Regorafenib in
CSF and in serum [89]

Miller, 2019 Ribociclib

Registered clinical
tudy

(NCT02345824,
IND125168)

3 adults with recurrent
glioblastoma

Blood: 3
PFS: 1

First surgery dates:
29 March 2012 to

26 September 2014

Ribociclib in CSF
and in plasma [78]

Tien, 2019 Ribociclib
Registered clinical

study
(NCT02933736)

12 adults with a
recurrent glioblastoma

Blood: 12
PFS: 12 Not reported Ribociclib in CSF

and in plasma [79]
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Tanaka, 2020 Tepotinib Case report
Adult (male, 56 years)

with with lung
adenocarcinoma and LM

Blood: 1
PFS: 1 Not applicable Tepotinib in CSF

and in plasma [90]

Ninomaru, 2021 Tepotinib Case report Adult (female, 77 years)
with NSCLC and LM

Blood: 1
PFS: 1 Not applicable Tepotinib in CSF

and in plasma [91]

Sakji-Dupré, 2015 Vemurafenib Case series 6 adults with melanoma
and brain metastasis

Blood: 6
PFS: 6

February 2012 to
January 2013

Vemurafenib in
CSF and in plasma [68]

Reda, 2019 Venetoclax Case report

Adult (male, 58 years)
with trisomy 12, IGHV

unmutated (VH4L)
chronic lymphocytic

leukemia

Blood: 1
PFS: 1 Not applicable Venetoclax in CSF

and in plasma [95]

Condorelli, 2022 Venetoclax Case report
Adult (male, 52 years)
with AML and CNS

leukemia

Blood: 1
PFS: 1 Not applicable Venetoclax in CSF

and in plasma [96]

Gajjar, 2013 Vismodegib
Registered clinical

study
(NCT0082248)

33 pediatric patients
(ages: 3.9–21 yeatrs)

with recurrent,
progressive or refractory

medulloblastoma

Blood: 33
PFS: 3 Not reported Vismodegib in

CSF and in plasma [94]

Zhang, 2021 Zanubrutinib Case series
13 adults with diffuse
large B-cell lymphoma
and CNS involvement

Blood: 13
PFS: 13

August 2020 to
December 2020

Zanubrutinib in
CSF and in plasma [87]

Thirty-two small-molecule, orally taken anticancer medications with specific cellular
protein targets were monitored with a clinical indication in at least one peripheral liquid space
on at least one occasion in the investigated period. This comprises 38.6% of the OACDs which
had an ATC code on 31 August 2022. CSF was the most frequently monitored peripheral
space (82% of all publications). The share of manuscripts on all other peripheral spaces
(breast milk—8%, pleural effusate—4%, ascitic or peritoneal dialysis fluid—2%, intracellular
fluid—2%, other (saliva and semen, 1 record for each)—2%) was low. In 61% of the cases,
the indication for monitoring an OACD in a peripheral fluid compartment was to control a
secondary malignancy. Other indications were the treatment of a primary malignancy (19%),
controlling toxicity (14%), and treatment of a mental disorder (6%). In a single manuscript,
an additional indication was the prevention of graft rejection [81]. Registered clinical studies,
non-registered, researcher-initiated studies, case series, and case reports comprised 29.4%,
14.1%, 22.4%, and 34.1% of the included publications, respectively (Figure 2).
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Figure 2. Summary of the results of the literature search. (A) Types of studies, (B) indications of
monitoring, (C) monitored peripheral fluid spaces, (D) evaluation of clinical interest: number of
manuscripts discussing the substance normalized to the number of years on the market, (E) marketed
small-molecule, orally taken anticancer drugs with cellular protein targets without any example of
being monitored in a peripheral fluid space. CSF, cerebrospinal fluid.

Based on the number of relevant publications available on a specific OACD, normal-
ized to the number of years it has been marketed, tepotinib (Tepmetko®) triggered the
largest interest, followed by erlotinib (Tarceva®), ribociclib (Kisqali®), imatinib, and osimer-
tinib (Tagrisso®), while the OACDs receiving the least attention were lapatinib (Tyverb®),
vorinostat (Zolinza®) and sunitinib (Sutent®, Figure 2, Table 3).

Table 3. Clinical background of the monitoring of OACDs in peripheral fluid spaces. ALL, acute
lymphoid leukemia; AML, acute myeloid leukemia; CNS, central nervous system; CSF, cerebrospinal
fluid; CLL, chronic lymphoid leukemia; CML, chronic myeloid leukemia; NSCLC, non-small cell lung
cancer; PBMC, peripheral blood mononuclear cells; PCNSL, primary central nervous system lymphoma.

International Non-Proprietary Name Peripheral Compartment Indication of Monitoring Pathological Condition Ref.

Afatinib

CSF Secondary malignancy NSCLC with CNS metastasis and/or
leptomeningeal disease [59]

CSF Secondary malignancy NSCLC with leptomeningeal carcinomatosis [60]

CSF Secondary malignancy NSCLC with leptomeningeal carcinomatosis [61]

Alectinib
CSF Secondary malignancy NSCLC with CNS metastasis and

systemic disease [75]

CSF Secondary malignancy NSCLC with CNS metastasis [76]

Ceritinib CSF Secondary malignancy CNS metastasis of breast tumor, head and neck
tumor or melanoma, recurrent glioblastoma [74]

Crizotinib

CSF Secondary malignancy NSCLC with leptomeningeal metastasis [70]

CSF Secondary malignancy NSCLC with CNS metastasis [71]

CSF Secondary malignancy NSCLC with CNS metastasis [72]

CSF Secondary malignancy NSCLC with carcinomatous meningitis [73]

Dabrafenib CSF Primary malignancy Glioma [69]

Dasatinib

CSF Primary malignancy CNS tumor [12]

CSF Secondary malignancy AML with extramedullary and meningeal relapse [27]

CSF Secondary malignancy ALL and CNS leukemia prophylaxis [28]
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Table 3. Cont.

International Non-Proprietary Name Peripheral Compartment Indication of Monitoring Pathological Condition Ref.

Erlotinib

CSF Secondary malignancy NSCLC with CNS metastasis [45]

CSF Secondary malignancy NSCLC with CNS metastasis [46]

CSF Primary malignancy Glioblastoma [47]

CSF Primary malignancy CNS hemangioblastoma with von
Hippel-Lindau disease [48]

CSF Secondary malignancy NSCLC with leptomeningeal metastasis [50]

CSF Secondary malignancy NSCLC with CNS metastasis [51]

CSF Secondary malignancy NSCLC with CNS metastasis [52]

CSF Secondary malignancy NSCLC with leptomeningeal metastasis [53]

CSF Secondary malignancy NSCLC with leptomeningeal meatastasis [54]

CSF Secondary malignancy NSCLC with refractory CNS metastasis [55]

CSF Secondary malignancy NSCLC with CNS metastasis [56]

CSF Secondary malignancy NSCLC with CNS metastasis [57]

CSF Secondary malignancy NSCLC with leptomeningeal metastasis [58]

Pleural effusate Primary malignancy NSCLC [49]

Everolimus
Breastmilk Risk of toxicity Pregnancy in everolimus-treated

heart-transplanted patient [81]

Saliva Risk of toxicity Cancer patients (breast, renal cell,
neuroendocrine tumors) [82]

Gefitinib

CSF Secondary malignancy NSCLC with carcinomatous meningitis [39]

CSF Secondary malignancy NSCLC with lung adenocarcinoma [40]

CSF Secondary malignancy NSCLC with CNS metastasis [41]

CSF Secondary malignancy NSCLC with leptomeningeal metastasis [42]

CSF Secondary malignancy NSCLC with leptomeningeal metastasis [43]

CSF Secondary malignancy NSCLC with CNS metastasis [44]

CSF Secondary malignancy NSCLC with CNS metastasis [45]

CSF Secondary malignancy NSCLC with CNS metastasis [46]

Pleural effusate, peritoneal
effusate dialysate Primary malignancy NSCLC [38]

Ibrutinib
CSF Primary malignancy Epstein–Barr associated primary CNS lymphoma [85]

CSF Primary malignancy PCNSL [86]

Icotinib
CSF Secondary malignancy NSCLC with CNS metastasis [44]

CSF Secondary malignancy NSCLC with CNS metastatis [67]

Imatinib

Breast milk Risk of toxicity CML during pregnancy [20]

Breast milk Risk of toxicity CML during pregnancy [21]

Breast milk Risk of toxicity CML during pregnancy and breastfeeding [22]

Breast milk Risk of toxicitiy CML during pregnancy and breastfeeding [23]

Breast milk Risk of toxicity CML in early pregnancy and breastfeedng [24]

Breast milk Risk of toxicity CML during pregnancy and breastfeeding [25]

CSF Primary malignancy CNS tumor [12]

CSF Secondary malignancy CML with lymphoid blast crisis [15]

CSF Secondary malignancy ALL with CNS leukemia [16]

CSF Secondary malignancy CML with CNS leukemia [17]

CSF Secondary malignancy CML and ALL with meningeous leukemia [18]

CSF Secondary malignancy CML with lymphoid blast crisis and AML [19]

Leukocytes Primary malignancy CML [13]

PBMC’s Primary malignancy CML [14]

Semen Risk of toxicity CML [26]

Lapatinib CSF Secondary malignancy Breast cancer with CNS metastasis [83]

Lorlatinib CSF Secondary malignancy NSCLC with CNS metastasis [77]

Neratinib CSF Secondary malignancy Breast cancer with CNS metastasis [84]

Nilotinib

CSF Secondary malignancy Leukemia with CNS infiltration [29]

CSF Secondary malignancy ALL and CNS leukemia prophylaxis [30]

CSF Treatment of a mental disorder Parkinson’s disease, dementia [32]

CSF Treatment of a mental disorder Parkinson’s disease [33]

CSF Treatment of a mental disorder Parkinson’s disease [34]

CSF Treatment of a mental disorder Parkinson’s disease [35]

CSF Treatment of a mental disorder Alzheimer’s disease [36]

Pleural effusate Risk of toxicity CML [31]
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Table 3. Cont.

International Non-Proprietary Name Peripheral Compartment Indication of Monitoring Pathological Condition Ref.

Nintedanib CSF Primary malignancy CNS tumor [12]

Osimertinib

CSF Secondary malignancy NSCLC with leptomeningeal metastasis [62]

CSF Secondary malignancy NSCLC wth CNS metastasis [63]

CSF Secondary malignancy NSCLC with CNS metastasis [64]

CSF Secondary malignancy NSCLC with meningeal metastasis [65]

Panobinostat

CSF Primary malignancy CNS tumor [12]

CSF Risk of toxicity HIV infection [92]

CSF Risk of toxicity Recurrent or refractory haematologic
malignancies (leukemia and lymphoma) [93]

Pazopanib Ascitic fluid Secondary malignancy Metastatic papillary renal cell carcinoma and
malignant ascites [88]

Ponatinib CSF Secondary malignancy ALL with CNS leukemia [37]

Pralsetinib CSF Secondary malignancy NSCLC with meningeal metastasis [65]

Regorafenib
CSF Primary malignancy CNS tumor [12]

CSF Primary malignancy Recurrent malignant glioma [89]

Ribociclib

CSF Primary malignancy CNS tumor [12]

CSF Primary malignancy Recurrent glioblastma [78]

CSF Primary malignancy Recurrent glioblastoma [79]

CSF Primary malignancy Recurrent or refractory malignant CNS tumor [80]

Sunitinib Ascitic fluid Secondary malignancy Metastatic papillary renal cell carcinoma and
malignant ascites [88]

Tepotinib
CSF Secondary malignancy NSCLC with leptomeningeal metastasis [90]

CSF Secondary malignancy NSCLC with leptomeningeal metastasis [91]

Trametinib CSF Primary malignancy Glioma [69]

Vemurafenib CSF Secondary malignancy Melanoma with CNS metastasis [68]

Venetoclax
CSF Secondary malignancy CLL with CNS involvement [95]

CSF Secondary malignancy AML with leptomeningeal involvement [96]

Vismodegib CSF Primary malignancy Recurrent or refractory medulloblastoma [94]

Vorinostat CSF Primary malignancy CNS tumor [12]

Zanubrutinib CSF Primary malignancy CNS lymphoma [87]

3.2. Monitoring the Concentrations of Oral Anticancer Drugs in Peripheral Fluids
3.2.1. Monitoring the Treatment of Primary Malignancies
Primary Malignant Central Nervous System Tumors

Currently, the most common indication of monitoring OACDs in a peripheral fluid
space is to improve the treatment of primary and secondary CNS tumors in adults and
in pediatric patients by performing measurements in the CSF. Early examples for such
efforts included the assessment of erlotinib in pediatric glioblastoma and in CNS heman-
gioblastoma with von Hippel–Lindau disease, and of vismodegib (Erivedge®) in pediatric
recurrent or refractory medulloblastoma [47,48,94]. Broniscer et al. investigated the phar-
macokinetics of erlotinib in a pediatric patient by measuring the concentrations of erlotinib
along with its O-demethylated, pharmacokinetically active metabolite OSI-420 in plasma
and in CSF. Six time-matched pairs of specimens were collected. The CSF/total plasma
concentration ratio (CSF-TPR) of erlotinib was 7.0%, while the ratio of drug exposure was
6.9% based on 24-h areas under the concentration-time curves. This evaluation was based
on total plasma levels. Since the fraction of erlotinib bound to plasma proteins is approx-
imately 93%, it is reasonable to assume that the unbound fraction equilibrated between
plasma and CSF at a 1:1 ratio [47,97]. In a single paired measurement performed in an
adult patient, a median erlotinib CSF level corresponding to 21.6% of median total plasma
concentrations was found, which would be equivalent to 309% of the unbound plasma
fraction [48]. In a phase 1 study conducted with pediatric patients, a total of nine paired
CSF and plasma samples were collected from three subjects to evaluate vismodegib concen-
trations. The CSF/unbound plasma concentration ratios (CSF-UPR) attained a median of
53% (26–78%) [94].
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The monitoring of OACDs in this context has gained more attention only very re-
cently. The concentrations of regorafenib (Stivarga®) as well as its active N-oxide and
demethylated N-oxide products were assessed in recurrent malignant glioma. All three
substances attained detectable levels in CSF. While the concentration values were not
explicitly provided by the authors, visual plots showed that the CSF-TPR’s were 0.01 or
higher. Approximately 99.5% of circulating regorafenib is bound to proteins, indicating
that the CSF levels exceeded unbound plasma concentrations [89].

The monitoring of ceritinib (Zykadia®) and ribociclib in patients diagnosed with recur-
rent glioblastoma was performed [74,78,79]. The unbound fraction of ceritinib, determined
using equilibrium dialysis with a 5 kDa regenerated cellulose membrane, corresponded
to 1.4% (0.6–2.6%) of total levels. The unbound CSF concentrations were comparable to
concentrations measured in nonenhancing tumor regions, and were tenfold higher than
unbound plasma levels [74].

The ratio of ribociclib CSF/unbound plasma concentrations was 1.29 in one study
and 0.6–4.4 in another. Equilibrium dialysis was employed in both works to determine
the unbound fractions directly. The ratios increased over time [78,79]. Ribociclib CSF
concentrations were evaluated in recurrent or refractory malignant pediatric brain tumor.
The CSF-TPRs were 0.0–42.9% [80].

Dasatinib (Sprycel®), imatinib, nintedanib (Ofev®), panobinostat (Farydak®), rego-
rafenib, ribociclib, and vorinostat were assayed in 42 CSF samples obtained from nine
pediatric brain tumor patients. Nintedanib and panobinostat were undetectable in the
samples. There was a correlation between blood protein levels and imatinib concentrations.
In addition, imatinib and regorafenib proved to bind to CSF proteins as well, resulting in
unbound fractions of 88% and 65%, respectively. These data indicate that both plasma and
CSF protein concentrations may have an impact on detectable drug levels, and that the
elevation of drug availability can be expected in CSF when the blood–brain barrier is not
intact and CSF protein levels increase [12].

Ibrutinib (Imbruvica®) was measured in CSF in primary CNS lymphomas [85,86]. In
one study, hemodialysis was conducted every other day. Six-hour post-dose CSF ibruti-
nib levels were about tenfold higher on hemodialysis-free days than those observed on
hemodialysis days. In addition, the CSF-UPR’s (with an assumed protein-bound fraction
comprising 97.3% of circulating ibrutinib) were 78% and 8%, respectively [85].

Zanubrutinib (Brukinsa®) concentrations were assayed in 23 time-matched plasma
and CSF samples of 13 patients, 8 of whom were diagnosed with primary CNS lymphoma,
and 5 with diffuse large B-cell lymphoma. The CSF-TPR was 2.39±1.71%. With an assumed
94% protein binding rate, the authors calculated CSF-UPR’s of 42.7±27.7%, and concluded
that zanubrutinib was successfully transported through the blood–brain barrier [87].

Dabrafenib (Tafinlar®) and Trametinib (Mekinist®) did not reach detectable levels in
CSF in patients diagnosed with V600e positive glioma [69].

Other Primary Malignancies

Other types of tumors in which OACD concentrations have been evaluated in pe-
ripheral fluid spaces include Philadelphia chromosome-positive (Ph + ) chronic myeloid
leukemia (CML), non-small cell lung cancer, and gastrointestinal stromal tumors.

Imatinib concentrations were monitored in patients diagnosed with Ph + CML. In a
follow-up study conducted with 15 adult patients, Nambu et al. found a weak correlation
between imatinib levels determined in leukocytes (buffy coat cells) and in plasma (r = 0.281).
While the intracellular concentrations of the drug were not associated with the cytogenic
response, there was a significant difference between groups of patients with different
genotypes (SLCO1B3 334TT and 334 TG/GG) [13]. In another study conducted with adult
Ph + CML subjects, peripheral blood mononuclear cells (PBMC) were isolated from antico-
agulated whole blood. Again, a weak yet statistically significant positive correlation was
found between imatinib concentrations observed in plasma and in PBMC (r = 0.203) [14].
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In both works, intracellular imatinib concentrations were about a magnitude higher than
those found in plasma.

Malignant pleural effusion is a severe condition developing as a complication of lung
or breast cancer in women [98]. Masago et al. investigated erlotinib and OSI-420 concentra-
tions in the plasma and in the pleural effusate samples of nine adult patients diagnosed
with advanced NSCLC. On days 1 and 8 of the treatment, 2-h post-dose (day 1) and trough
pleural effusate levels (day 8) were compared to trough plasma concentrations. They found
that erlotinib and OSI-420 pleural effusate concentrations had increased considerably, with
larger than 100% pleural effusate/total plasma concentration ratios obtained by day 8 [49].
In an NSCLC patient, gefitinib concentrations in pleural effusates attained approximately
30% of those observed in plasma. The penetration of gefitinib into the peritoneal third-space
fluid was, on the other hand, negligible [38].

3.2.2. Monitoring the Treatment of Malignant Tumor Metastases
Central Nervous System Metastases of Myeloproliferative Malignancies

The involvement of the CNS presents a major challenge in the therapy of leukemias.
Adult patients present with CNS leukemia in approximately 5% of acute leukemia cases,
while CNS involvement occurs in about every third pediatric patient presenting with
a relapse [99]. The risk of malignant cell penetration through the blood–brain barrier
is especially high in Ph + B-cell precursor acute lymphoid leukemias (ALL) [100]. The
prevention of CNS involvement in acute leukemias and the efficient treatment of established
CNS leukemias are, therefore, of considerable importance and have an impact on the
overall survival.

The poor penetration of the blood–brain barrier by imatinib, the first marketed tyrosine
kinase inhibitor drug, was first mentioned in 2002 [15,16]. The total imatinib concentrations
were 1.57 µg/mL and 0.017 µg/mL in the plasma and CSF samples of a young female
adult diagnosed with Ph + ALL [16]. The size of the unbound fraction of imatinib was later
established to be around 5% (4.3–6.5%) in healthy humans and in acute myeloid leukemia
patients. By applying this percentage, the CSF-UPR of imatinib in this patient can be
estimated as 21.7%. While the authors concluded that the distribution of imatinib into CSF
was extremely poor, the consideration of the unbound fraction as the basis of the evaluation
of blood–brain-barrier penetration delivers a more appreciable penetration rate [101].

On five separate days in an 11-day period, measurable imatinib concentrations were
found in the CSF and plasma samples of a male Ph + CML patient who was in a lymphoid
blast crisis after achieving complete cytogenic remission in the bone marrow following more
than eight months of imatinib therapy, but had developed an isolated neoplastic meningitis.
The authors concluded that imatinib CSF concentrations were not sufficient to inhibit 50%
of BCR/ABL tyrosine kinase, and assume that the reason underlying the poor penetration
of imatinib is its affinity to p-glycoprotein, a protein responsible for multi-drug resistance.
Nevertheless, total imatinib concentrations were evaluated, and by calculating its unbound
plasma concentrations, imatinib CSF-UPR’s can be established as 7.7–56.2% [15]. Further
investigations confirmed these findings. Imatinib CSF-TPR was 2.6% in a patient diagnosed
with a CSF lymphoid blast crisis, while displaying a major cytogenic response in the bone
marrow after 16 months of imatinib treatment. This corresponds to a calculated CSF-UPR
of 52.6% [17]. In a randomized, multicenter phase 2 trial, plasma and CSF samples were
collected from 17 BCR/ABL + ALL subjects with or without meningeosis and receiving
imatinib. The CSF-TPRs were 1.8%. [18]. Imatinib CSF and plasma concentrations were
further evaluated in parallel in four adult subjects of a multicenter clinical trial. One of the
subjects was a biphenotypic Ph + CML patient, while the other three had been diagnosed
with Ph + ALL. The CSF concentrations (mean: 0.044 µg/mL) were 74-fold lower than total
plasma concentrations (3.27 µg/mL), corresponding to a CSF-UPR of 26.9% [19].

Dasatinib concentrations were below the detection limit in the CSF of a female adult
patient treated with Ph + ALL and an extramedullary and meningeal relapse following
bone marrow transplantation. The trough plasma dasatinib concentration was 32 ng/mL
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(CSF-TPR: 0.23–1.5%) [27]. Following the detection of large individual variability in the
systemic exposure to dasatinib, Gong et al. measured pairs of the CSF and plasma concen-
trations of the substance in five Ph + ALL adult patients after giving doses of 100 mg or
140 mg. Only two pairs of samples contained dasatinib in quantifiable concentrations in
both media. The CSF-TPRs were 0.75% and 1.42%, while the calculated CSF-UPRs were
18.7% and 37.2% [28].

Four leukemia patients (three diagnosed with Ph + ALL and one with Ph + CML
and a blast crisis), all with CNS relapse after allogeneic stem cell transplantation, received
nilotinib (Tasigna®). Seventeen matched pairs of CSF and plasma samples were collected.
The CSF-UPRs were calculated by taking a 98% protein binding rate into account. The
calculated concentration ratios were 12%, 20%, 30%, and 68%, pointing to large individual
differences in the availability of the drug [29]. In a group comprising 30 Ph + ALL patients
aged 15 years or older, only non-quantifiable traces of nilotinib were found in the CSF
samples collected [30].

The penetration of the selective BCL2-inhibitor venetoclax (Venclyxto®) through the
blood–brain barrier was also poor; however, it corresponded to the in vitro IC50 of the
drug in an adult, male chronic lymphocytic leukemia patient diagnosed with trisomy 12,
IGHV unmutated (VH4L) chronic lymphoid leukemia and experiencing a CNS relapse.
Time-matched pairs of plasma and CSF samples were assayed after their collection in steady
state, after 2 h and 23 h of drug intake, with 0.23% and 2.89% concentration ratios obtained.
The unbound fraction of venetoclax is smaller than 1% of the total circulating amount;
therefore, the CSF concentrations corresponded to approximately 10–29% of the unbound
plasma levels [95]. Venetoclax concentrations were evaluated 23, 30, and 37 days after
initiating treatment in another male adult patient presenting with a complete remission in
the bone marrow after hematopoietic stem cell transplant, but with a blast crisis detected
in the CNS, and formerly receiving other chemotherapy. The CSF-TPRs were 0.32–0.40%,
corresponding to CSF-UPRs of at least 32–40% [96].

An extremely low CSF concentration (0.1 ng/mL) of ponatinib (Iclusig®), another
very heavily ( > 99%) protein-bound drug, was observed in a 3-year old girl diagnosed
with Ph + acute lymphoblastic leukemia which had been confirmed to have penetrated
the CNS [37].

Central Nervous System Metastases of Non Small-Cell Lung Cancer

The first manuscript discussing the quantitation of OACDs in CSF for monitoring
their efficacy regarding the treatment of the CNS metastases of NSCLC was published on
the epidermal growth factor receptor inhibitor gefitinib (Iressa®). This was a case report
presenting a Japanese male patient diagnosed with NSCLC and developing carcinomatous
meningitis. Ten days after the initiation of gefitinib treatment, the drug was assayed in
serum and in CSF before and 2 h after the intake of 250 mg drug. At both time points, the
observed CSF concentrations were negligible, 0.9 nmol/L, while serum concentrations of
117 and 132 nmol/L were attained. Assuming a 97% protein binding rate, this corresponds
to CSF/unbound serum concentration ratios of 22.7% and 25.6% [39,102]. Interestingly,
significant positive linear correlations of gefitinib CSF and plasma levels were revealed in
multiple research works (Figure 3) [40–42]. In contrast, the results of a phase 1 open-label
trial of a novel, high-dose gefitinib treatment conducted with the involvement of seven
patients diagnosed with leptomeningeal metastases of NSCLC showed that this approach
did not result in an improved penetration of gefitinib into the CSF [43]. Evidence exists
for supporting that the low penetration rate of gefitinib may be increased by whole-brain
radiotherapy, an intervention considered to be an efficient strategy to improve blood–brain
barrier permeability [41]. However, contrasting results have also been published [44].
A direct comparison of the concentrations of gefitinib and erlotinib, which have similar
chemical structures, in the CSF of patients diagnosed with leptomeningeal metastases,
resulted in the conclusion that erlotinib attained higher molar concentrations and a higher
rate of penetration into the CNS [45].
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(A) Erlotinib in plasma and in CSF, trough samples were drawn. (B) O-desmethyl-erlotinib (OSI-420)
in plasma and in CSF, trough samples were drawn. (C) Unbound alectinib in plasma and in CSF.
(D,E) Gefitinib in plasma and in CSF. (F) Unbound lorlatinib in plasma and in CSF.
(G,H) Erlotinib in plasma and in CSF. (I) Gefitinib in plasma and in CSF, a Michaelis–Menten
equation has been fitted to the data. (J) Icotinib in plasma and in CSF [50,61–64,70,77,83]. Licenses or
permissions to reproduce the graphs have been granted by the copyright holders.

Two years after the publication of the first measurement of gefitinib concentrations
in CSF, erlotinib concentrations were evaluated in three lung adenocarcinoma patients
developing leptomeningeal metastases during gefitinib therapy. Twenty-eight days after
switching to erlotinib, clinical improvement was observed, accompanied by 2.5–13.3% CSF-
TPRs, corresponding to CSF-UPRs of 36–190% [50,97]. Four cases of Asian female adult
NSCLC patients who had developed adenocarcinoma as a CNS metastasis and started to
receive 150 mg erlotinib once daily were described by Togashi et al. Matched pairs of CSF
and plasma samples were collected on day 8 of the treatment. Similar penetration of the
drug and its active metabolite OSI-420 into the CSF was found. The authors provided the
CSF-TPRs and the CSF concentrations, which allows the calculation of total and unbound
plasma concentrations, as well as CSF-UPRs (45.7–110%). The efficiency of erlotinib to
penetrate the blood–brain barrier was concluded to be higher than that of gefitinib, and
allows the effective treatment of EGFR wild-type cases as well [51]. Yet another study
involving six adult NSCLC patients with brain metastases confirmed that erlotinib could
reach a mean penetration rate of 4.4%, corresponding to a CSF-UPR of 47.2%. The CSF
concentrations of the drug were associated with the outcome, with the highest levels
attained in patients showing partial response to therapy, and the lowest seen in those with
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progression [52]. At steady state, the CSF penetration rate of erlotinib was determined
as 5.6% (corresponding to a CSF-UPR of 77.0%) in a female patient diagnosed with stage
IV lung cancer and stage I breast cancer, and receiving a combination of erlotinib and
bevacizumab [53]. A considerably lower ratio of 1.15% (corresponding to a CSF-UPR of
16.4%) was observed, however, in a woman with stage IV NSCLC and leptomeningeal
metastasis and receiving 1500 mg erlotinib weekly [54]. A similarly low penetration rate of
erlotinib (1.6–2.6%) was identified in six Chinese adult NSCLC patients with leptomeningeal
metastasis refractory to gefitinib treatment. Three patients received premetrexed and
cisplatin in addition to erlotinib, while the other three received only erlotinib. There was
no difference in the penetration rates between the two patient groups. The calculated CSF-
UPRs were 22.8–36.6% [55]. A very strong linear correlation was identified, at the same time,
between plasma and CSF erlotinib concentrations [56]. This finding was also confirmed
by another study (Figure 3) [57]. A phase 2 single arm trial was conducted to reveal the
efficacy of erlotinib in stage IV NSCLC with leptomeningeal metastasis (LOGIK11001) by
Nosaki et al. The primary endpoint was the cytological clearance rate, and the secondary
endpoints were time to disease progression, overall survival, toxicity, and quality of life.
Plasma and CSF concentrations of erlotinib were determined in single steady-state samples
collected from 12 participants. The mean penetration rate was 2.9–12.1%, corresponding to
CSF/unbound concentration ratios of 41.9–173%. Again, a good correlation was observed
between the plasma and the CSF concentrations (R2 = 0.6247), regardless of the cytological
response Figure 3 [58].

In a comparative study conducted to evaluate the penetration rate of standard (150 mg/die
and 250 mg/die, respectively, administered for seven days) versus pulsatile high-dose
erlotinib (1500 mg on day eight and fifteen) and gefitinib (2500 mg/die from day eight to
fifteen) in NSCLC patients with brain metastases who progressed on standard doses, both
drugs attained higher concentrations in the CSF as a result of high-dose administration,
with a constant CSF-TPR of 2% in the case of erlotinib, and a saturable penetration rate of
gefitinib with no increases in CSF levels predicted for doses of 839 mg or higher (Figure 3).
In addition, those undergoing whole-brain radiotherapy attained disproportionately higher
CSF concentrations of the drugs. Adverse effects were more prevalent in patients receiving
erlotinib, with the high doses of gefitinib being well tolerated [46].

The next drug assayed in the CSF was crizotinib (Xalkori®), with negligible blood–
brain barrier penetration rates observed. A CSF-TPR of 0.26% (corresponding to a CSF-
UPR of 2.89%, assuming a 9% unbound fraction of the drug) was found in a 29-year old
Caucasian male diagnosed with stage IV NSCLC and treated first with cisplatin plus peme-
trexed, then with erlotinib, and finally with crizotinib. The attained CSF concentration was
substantially lower than the established 50% inhibitory concentration (IC50) required to
inhibit mutant cell lines against which crizotinib had been tested [70,103]. In two ALK-
positive male adult NSCLC patients developing brain metastases, crizotinib CSF/total
serum concentration ratio was 0.06% and 0.1%, corresponding to CSF/unbound serum con-
centration ratios of 0.66% and 1.1%, respectively [71]. Three CSF samples of a 60-year-old
male patient diagnosed with ALK-rearrangement-positive NSCLC and receiving 250 mg
crizotinib twice daily after developing brain metastases were assayed for crizotinib at one-
week intervals following whole brain radiotherapy (an additional sample was processed
before conducting WBRT). Crizotinib was undetectable in the samples collected before
and one week after WBRT, while 6.2 and 6.3 ng/mL concentrations were found after two
and three weeks, respectively, accounting for 3.5% and 2.2% of the total, and for 39.0%
and 24.5% unbound plasma concentrations [72]. In another male patient diagnosed with
stage IIA lung adenocarcinoma and brain metastasis, a CSF-TPR of 2.6% (corresponding
to a CSF-UPR of 30.4%) was achieved at a single sampling point following WBRT. The
CNS symptoms diminished, and the negativity of CSF to malignant cells was confirmed.
Comparing this result to earlier findings yielded the conclusion that WBRT may enhance
the CNS penetration and the clinical efficacy of crizotinib [73].
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In a single-arm, open-label, multicenter phase 1/2 study conducted with the involve-
ment of adult subjects with histologically confirmed, locally advanced or metastatic NSCLC
with crizotinib-resistant ALK-positive rearrangement and receiving 600 mg or 900 mg alec-
tinib (Alecensa®) twice a day in the fixed dose phase, five matched alectinib CSF-plasma
concentration pairs were obtained. The CSF concentrations not only showed positive
correlation with the unbound plasma fraction of alectinib (which corresponded to 0.3%
of the total amount), but were also equivalent or higher. The extrapolated trough CSF
concentration exceeded the reported in vitro IC50 of alectinib for ALK inhibition [75]. In
an institutional case series comprising eleven adult subjects diagnosed with histologically
confirmed ALK-positive NSCLC and receiving 600 mg alectinib twice daily until disease
progression, unacceptable toxicity or withdrawal of consent, matched CSF-serum concentra-
tion pairs were obtained in two patients in the second month of alectinib therapy. The total
serum concentrations were 694 ng/mL and 707 ng/mL, both corresponding to 2.1 ng/mL
unbound serum concentrations. The calculated CSF/unbound serum concentration ratios
were, therefore, 100% and 30% in the two patients [76].

The evaluation of afatinib (Giotrif®) CSF levels was first described in a woman di-
agnosed with stage IV adenocarcinoma of the lung with an underlying mutation of the
EGFR gene. Two CSF samples were assayed, and afatinib was found to attain a penetration
rate lower than 1%, with a calculated CSF-UPR of 13.9% when 95% protein binding rate
of the drug is assumed [59,104]. A remarkable case of a female patient diagnosed ten
years earlier reporting with stage IV adenocarcinoma of the lung with an EGFR mutation
was also described. Afatinib (40 mg/die, deescalated to 30 mg/die after four months)
was administered as the eighth line of treatment following interchanging periods of pro-
gression and remission. Trough plasma and CSF concentrations were assayed at three,
four and five months following the initiation of afatinib dosing. The CSF-TPR’s were
0.28–0.40%, while the calculated CSF-UPRs are 7.5–8.8%. The total plasma concentrations
were 19.0–33.4 ng/mL, which can be measured with relative convenience using liquid
chromatography–tandem mass spectrometry (LC–MS/MS), but the obtained CSF levels
of 0.05–0.14 ng/mL clearly indicate that assaying afatinib in the CSF is a major analytical
challenge [60]. Further, a prospective multicenter trial was conducted with the involve-
ment of 11 patients diagnosed with EGFR mutation-positive NSCLC with leptomeningeal
carcinomatosis and with the aim of evaluating the CSF penetration rates and the clinical
efficacy of afatinib. Participants received 40 mg afatinib once a day. On day eight, the
trough concentrations were assayed in plasma and in CSF. Afatinib could be quantitated in
the CSF samples of eight subjects (72.7%). The CSF-TPRs were 0.1–3.1%, with a single case
of 9.3% which resulted from an unusually low plasma concentration (corresponding to
44.4% of the next value in the ranked series of the measured concentrations), accompanied
by the second-highest CSF concentration. This corresponds to CSF-UPRs of 2.1–185%. It
was concluded that the ability of EGFR tyrosine kinase inhibitors to penetrate the CSF
should be assessed along with the efficacy of the drug against tumors with particular
mutation types [61].

The penetration of icotinib (Conmana®), an OACD currently approved in China, into
CSF was first evaluated in a phase 2 clinical study involving ten patients following the
administration of 125 mg in a three-times-per-day regime. Meanwhile, WBRT was deliv-
ered in 3-Gy fractions once per day, five days per week, to a total dose of 30 Gy. The mean
total plasma concentrations were 940.6±503.8 ng/mL (corresponding to 47.0±25.2 ng/mL
unbound concentrations), while the mean CSF concentrations were 11.6±9.1 ng/mL in
samples collected two hours after drug intake. The CSF-TPR was 1.4±1.1%, and the mean
CSF-UPR can be calculated as 24.7% [66]. The impact of WBRT on the CSF penetration of ico-
tinib was directly investigated in fifteen patients receiving escalating dose levels (125–352 mg)
three times a day. Blood and CSF samples were collected immediately before beginning the
WBRT treatment (applied in fixed doses of 37.5 Gy, five times a week, lasting for three weeks),
immediately after terminating WBRT therapy, and four weeks into the follow-up period. The
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CSF-TPR’s of icotinib were 2.4–3.7% in a dose range of 125–500 mg (peculiarly, 6.1% at 375 mg),
while the CSF-UPR can be calculated as 52.0–58.0% (130% at 375 mg) [67].

The CSF concentrations of osimertinib were first measured in an NSCLC patient with
leptomeningeal metastases and EGFR-TKI resistance. A poor penetration rate (1.47%) was
observed [62]. In an open-label, single-arm, multicenter, prospective study (APOLLO),
twelve adult patients donated matched blood and CSF samples. The evaluation of osimer-
tinib concentrations was based on the unbound drug fractions. A strong linear correlation
was found between blood and CSF levels (r = 0.8306). Based on these calculations, the
median CSF-UPR of osimertinib was 31.7% (19.8–57.8%) after six weeks of treatment [63].
In a phase 2 study involving radiotherapy-naive adult patients diagnosed with T790M
EGFR mutation-positive NSCLC and CNS metastasis, who had been previously treated
with EGFR tyrosine kinase inhibitors, the plasma and CSF concentrations of osimertinib
and its pharmacologically active metabolite were assessed in seven participants on day
twenty-two of osimertinib therapy. The CSF-TPRs of the drug and the metabolite were
0.79% (0.43–1.32%) and 0.53% (0.31–0.64%), respectively, corresponding to 15.8% (8.6–26.4%)
in the case of the parent drug by assuming 99% plasma protein binding rate [64].

Tepotinib plasma and CSF concentrations were evaluated in a male adult patient
diagnosed with stage IIIA lung adenocarcinoma. EGFR mutation and ALK fusion gene were
not detected. Following right lung pneumonectomy, a brain metastasis was identified in
the left cerebrum which later progressed to leptomeningeal metastasis and hydrocephalus
in spite of treatment with cisplatin and pemetrexed. A tepotinib regimen (500 mg/die)
was started. On day 20 of therapy, the tepotinib CSF-TPR achieved 1.83% in the matched
samples collected four hours post-dose. The attained concentration was judged to have
exceeded the IC50 [90]. In a female patient diagnosed with NSCLC with MET exon 14
skipping mutation and with brain metastases, and having received WBRT, remarkable
clinical improvement was achieved after a 1-month treatment with tepotinib (500 mg/die).
The penetration rates of tepotinib into the CSF at two, four and eight weeks of therapy were
1.19%, 1.42%, and 1.73%, respectively. By taking the 98% protein binding rate of tepotinib
into account, the CSF-UPRs can be calculated as 60.0%, 71.1%, and 86.6%, respectively,
based on the data described by the authors [91].

Lorlatinib (Lorviqua®) was monitored in the CSF in an ongoing, open-arm, multicenter
phase 1/2 trial with the aim to further investigate the penetration of the drug into the CNS.
Five patients with suspected or confirmed leptomeningeal carcinomatosis not visualized on
magnetic resonance imaging, or carcinomatous meningitis, were included. Samples were
collected at baseline and a later yet undefined point of the study. The CSF/plasma unbound
lorlatinib concentration ratios were 61–96%, and showed very strong correlation (adjusted
r2 = 0.96). The CSF/total plasma lorlatinib concentration ratios were 21–33%. The results
indicated that lorlatinib concentrations exceeded the minimum efficacy concentrations in
all of the patients regarding wild-type anaplastic lymphoma kinase (ALK) and the L1196M
ALK resistance mutation. The authors concluded that this supported the broad coverage of
these mutations, and, in approximately one-third of patients, the coverage of the G1202R
ALK resistance mutation [77].

The CSF concentrations of pralsetinib (Gavreto®) and osimertinib were investigated in
an adult patient with an EGFR-mutant NSCLC with acquired RET fusions and meningeal
metastasis after four months of co-treatment with pralsetinib and osimertinib. Pralsetinib
attained concentrations of 91.3 µmol/L and 0.705 µmol/L in plasma and CSF, respectively
(ratio: 0.77%, corresponding to a CSF-UPR of 15.4%). Osimertinib concentrations were
2.149 µmol/l and 0.0237 µmol/L, respectively (ratio: 1.10%, corresponding to a CSF-UPR of
110%). Despite the lower CSF/unbound concentration ratios, pralsetinib levels were judged
to be sufficiently high both in plasma and in CSF to inhibit the CCDC6-RET-mutated protein,
indicating that pralsetinib is more efficient than osimertinib to treat this mutation [65].
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Metastases of Other Malignancies in the Central Nervous System

Lapatinib inhibits both EGFR and HER2; therefore, it has activity against brain metas-
tases developing from HER2-positive metastatic breast cancer. This activity may be en-
hanced by combining lapatinib with capecitabine. Nevertheless, 0.9–1.3% of CSF-TPRs
of lapatinib were observed in two adult female patients diagnosed with HER2-positive
(one HR-negative and one HR-positive) ductal carcinoma yielding CNS metastases. The
CSF-UPRs can be calculated as 8.6–12.9% in these two patients [83,105]. Neratinib, another
HER2 tyrosine kinase inhibitor, was absent (<1.50 ng/mL) in the CSF samples of three adult
HER2-positive breast cancer patients [84]. Vemurafenib was, on the other hand, quantitated
successfully in the matched CSF and plasma samples of patients treated with the drug in a
dose of 960 mg, given twice daily, for brain metastatic BRAF-V600 mutated melanoma. The
CSF-UPRs were 28–250%, assuming a 99% protein binding rate [68,106].

Malignant Ascites

Malignant ascites is a rare condition secondary to abdominal malignancies [107]. In
an elderly adult patient diagnosed with papillary renal cell carcinoma and undergoing
treatment first with pazopanib (Votrient®), then with sunitinib, concentrations of the admin-
istered OACD were monitored in plasma and in ascitic fluid. The concentrations measured
in the ascitic fluid were equivalent to or higher than those assayed in the systemic circula-
tion, and, following an early phase with sufficient plasma levels, systemic concentrations
became subtherapeutic [88]. The ascited fluid concentrations of the drugs remained high
after discontinuation of treatment. While the underlying reason of the accumulation of
these drugs in the ascitic fluid is not evident, it was proposed that it acted as a sink of the
administered OACDs, while the strong binding of pazopanib and sunitinib to albumin may
have facilitated the extravasation of the drugs.

3.2.3. Monitoring OACDs to Control Toxicity
Monitoring the Exposure of the Infant to the Drug during Breastfeeding

CML occurs very rarely during pregnancy, at an estimated rate of 1:750 000. Imatinib
is employed for treating Ph + cases developing during pregnancy, an approach which may
cause harm to the fetus and the newborn. Assaying the drug in breast milk is valuable
for characterizing the exposure of the infant. The first appearance of the measurement
of imatinib in breast milk was the description of a case with the imatinib concentrations
being approximately 60% of the lower limit of the currently accepted blood reference
range (1000–3000 ng/mL). Its pharmacologically active metabolite, however, displayed
accumulation in breast milk [20]. Another patient on 400 mg once-daily imatinib donated
blood and breast milk samples on a single day, 1, 2, 3, 4, and 9 h after drug intake. The
concentrations of imatinib and its active metabolite in milk reached 0.5 and 0.9 of those
found in plasma, respectively. The authors concluded that the maximum intake of the
infant was 3 mg imatinib/day, and should be considered safe [21]. A case described two
years later described a Ph + CML patient receiving the same dose resulting in complete
hematological and cytogenetic remission. Blood was drawn on day 2, while breast milk
was collected on days 7, 14, 15, and 16 postpartum. The imatinib concentrations measured
both in plasma (2385 ng/mL) and in breast milk (1430–2623 ng/mL) were in the therapeutic
range. The authors concluded that, since the long-term effects of imatinib on infants
are unknown, breastfeeding is not advisable when imatinib is administered [22]. This
conclusion was confirmed by the presenters of another case when imatinib treatment was
initiated immediately after delivery. While the concentrations of imatinib were relatively
low in breast milk, those of the active metabolite attained threefold concentrations of those
measured in plasma, clearly displaying accumulation [23]. Yet in another patient, the
concentrations of imatinib and the active metabolite were measured in breast milk 99 h after
the last intake. The attained concentrations were 19 ng/mL and 600 ng/mL, respectively,
pointing to a very significant accumulation of the metabolite in breast milk. Neonatal
urine was also evaluated, with 90 ng/mL imatinib and 165 ng/mL active metabolite
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concentrations detected. These results indicate that the infant was exposed to the drug,
and, to an even greater extent, to the metabolite. This case raises the clinical relevance
of assessing the concentrations of oral anticancer medications taken during pregnancy
in neonatal urine for evaluating the potential impacts on the newborns [24]. In the most
recently published case report the milk/plasma ratio of imatinib attained 0.35 at 5 days
postpartum. Blood was also collected from the infant on the same day to reveal a 27-ng/mL
concentration of imatinib, which was considered to be safe by the authors [25].

Everolimus is primarily administered as an immunosuppressant based on its ability
to inhibit the mammalian target of rapamycin (mTOR) functional complex mTORC1. In
a heart-transplanted patient, everolimus therapy was continued during pregnancy and
following delivery. At 48 h postpartum, the drug was not detectable in the colostrum,
indicating that the evaluation of the immunosuppression of the newborn had to be based
on its prepartum administration [81].

Monitoring Other Types of Toxicity

Oral anticancer medications have serious adverse effects, including low blood cell
counts, resulting in an increased susceptibility to infections and, potentially, bleeding, as
well as dermal and gastrointestinal symptoms. Several of these may prompt the discontin-
uation of therapy. Efforts have therefore been made to identify the relationships between
the presentation of the drugs in non-targeted organs and fluid compartments, and the
development of adverse symptoms.

Pleural effusion may be induced by tyrosine kinase inhibitors. In a young male adult
patient who had developed pleural effusion from dasatinib earlier, nilotinib therapy again
led to the formation of the effusate. The measured nilotinib concentrations were 927 ng/mL
and 2092 ng/mL in plasma and in the pleural effusate, respectively, clearly indicating the
accumulation of nilotinib in the latter medium. Other possible causes, including malignancy,
were excluded. The severity of this adverse effect is shown by the fact that, eventually,
performing endotracheal intubation and left thoracic drainage was required [31].

The relationship between the occurrence of stomatitis and everolimus (Afinitor®)
levels in saliva was investigated in 11 cancer patients receiving everolimus in a once-daily
(10 mg) or twice-daily (2 × 5 mg) regime. Both the plasma and saliva concentrations of
the drug were higher in patients with stomatitis than in those who did not develop this
condition. While the statistical significance of this difference was low, this result may
indicate the utility of everolimus saliva assays concerning the prevention of the occurrence
of stomatitis. Of note, the rate of the penetration of everolimus into saliva was extremely
low (0.8%) with high interindividual variability (67.7%) [82].

Imatinib has been demonstrated to cross the brain–testis barrier and to reach equilibrium.
Imatinib concentrations reached concentrations of 1471 ± 570 ng/mL and 1397±425 ng/mL in
the plasma and the semen of eleven male CML patients, respectively. The clinical relevance
of the assay was confirmed by the finding that the number, the survival rate, and the
activity of sperms were reduced in these patients. Reproductive hormone structures and
sex hormone concentrations were unaffected [26].

Panobinostat was not detected in the CSF of patients diagnosed with human immun-
odeficiency virus (HIV) infection [92]. In addition, it was not present in the CSF samples
of pediatric patients with refractory hematological malignancies [93]. It was concluded in
these works that panobinostat did not cause CNS symptoms.

3.2.4. Monitoring the Treatment of Mental Disorders

It is increasingly acknowledged that certain OACDs may be effective against neu-
rodegenerative and autoimmune diseases [9,108]. Nilotinib, a BCR-ABL tyrosine kinase
inhibitor, has been investigated in multiple cases as a medication against mental disorders,
such as Parkinson’s disease and Alzheimer’s disease [109,110]. The rationale of these indica-
tions is that nilotinib leads to the degradation of misfolded α-synuclein by autophagy [111].
In addition, in preclinical studies, nilotinib increased dopaminergic neuron survival in the
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CNS, and improved motor and cognitive outcomes in in vivo models. Abl inhibition has
been demonstrated to reduce oxidative stress, and to protect dopaminergic neurons [112].

In an open label pilot study conducted to investigate the safety and tolerability of two
doses of nilotinib, the drug penetrated readily into the CSF, and remained detectable there
for five hours, when administered to stage 3–5 Parkinson’s disease patients in low doses
(150–300 mg/die). This was accompanied by a steady increase in plasma concentrations.
The CSF-TPR was higher when the lower dose was administered, with a comparable level
of Abl inhibition [32]. Further research revealed that the penetration of nilotinib into CSF
was dose-dependent in the dose range 150–400 mg, with 200 mg exerting optimal effects.
Again, the CSF-TPR was very similar at various doses (0.5–1.0%). Nevertheless, avoiding
higher doses was recommended since more side- and off-target effects were detected in
the CNS [33]. A phase 2 randomized clinical trial was published with the involvement of
75 participants, 50 of whom received nilotinib. The CSF-TPR was considerably lower, 0.33%
and 0.53% after applying 150 mg and 300 mg nilotinib, respectively [34].

The most recent evaluation of nilotinib delivered results which contradicted some key
findings of the above works, although the safety and tolerability of low-dose nilotinib was
still acceptable. The measured CSF penetration was in concert with previous findings. This
was a six-month, multicenter, randomized, parallel-group, double-blind, placebo-controlled
trial conducted with the involvement of 76 participants, 51 of whom received nilotinib
(150 mg or 300 mg pro die). Based on the evaluation of the geometric means of measured
drug concentrations, the administration of 150 mg or 300 mg resulted in 0.61–1.10 ng/mL
and 1.10–1.90 ng/mL peak CSF nilotinib concentrations along with 343.3–524.4 ng/mL
and 485.8–621.2 ng/mL peak serum concentrations, respectively, after three months of
treatment. This corresponded to 0.16–0.23% and 0.20–0.32% CSF penetration rates, respec-
tively. In contrast to the favorable outcomes of the earlier studies, this trial ended with the
conclusion that the low penetration rates were associated with no treatment-related alter-
ations of dopamine metabolites in the CSF. Therefore, the changes in the protein biomarkers
(α-synuclein, phospho-α-synuclein, and phospho-tau) alone provided weak evidence of
the clinical efficacy of nilotinib treatment [35].

In animal models of neurodegeneration, nilotinib promoted the degradation of pro-
teins Aβ/amyloid protein and the microtubule-associated protein tau [113]. This result
prompted a phase 2, randomized, double-blind, placebo-controlled study to evaluate the
effects of nilotinib in mild to moderate Alzheimer’s disease. The label arm received 150 mg
nilotinib daily for 6 months, followed by 300 mg daily for another 6 months. The ratios
of the mean CSF and plasma concentrations were 0.29% and 0.27% at 150 mg and 300 mg
doses, respectively. The ratios of the areas under the concentration-time curves were 0.30%
and 0.33%, respectively [36].

The above works included the detailed evaluation of quantitative changes in the
pharmacodynamic variables, such as microtubule-associated protein tau or amyloid pro-
teins. Although the penetration rate of nilotinib into the CSF was very low, these were
associated with statistically significant pharmacodynamic improvement and measurable
clinical efficacy.

3.3. Bioanalytical Methods of Monitoring OACD Concentrations in Peripheral Fluid Spaces

All of the described bioanalytical methods relied on chromatographic separation
using high-performance or ultra-high performance liquid chromatography. Mass spec-
trometry was chosen for detection by most authors, but multiple examples of applying
ultraviolet–visible (UV–VIS) light absorbance detection for the assessment of afatinib,
erlotinib, gefitinib, imatinib, nilotinib, and vemurafenib were found.

In the majority of cases, sample pretreatment consisted of deproteinization. The removal
of proteins was performed using organic solvents (acetonitrile—ceritinib [74], erlotinib [47],
gefitinib [45], ibrutinib [85,86], imatinib [16,20–22], ponatinib [37], regorafenib [89], ribo-
ciclib [78,79], vemurafenib [68], venetoclax [95], zanubrutinib [86]; acetonitrile-methanol
1:1—dasatinib [27], imatinib [14], nilotinib [32–34,36]; acetonitrile-methanol 1:4—erlotinib [54];
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acetonitrile-methanol 10:1—zanubrutinib [87]; methanol—alectinib [76], dabrafenib [69], dasa-
tinib [12], erlotinib [46], nintedanib [12], panobinosat [12], regorafenib [12], ribociclib [12],
trametinib [69], vorinostat [12]), and, in a single case, the aqueous dilution of perchloric
acid (imatinib [18]). The deproteinization methodology was not described by Xing et al. for
the monitoring of osimertinib in CSF [63]. PBMC pellets and breast milk were pretreated
with acetonitrile-methanol [14] and acetonitrile [20–22], respectively, as part of the employed
imatinib assays. In all other cases, deproteinization was applied to CSF samples.

Liquid–liquid extraction was applied employing methyl-tert-butylether for extracting
afatinib [60], erlotinib [49,51,52,56,57], everolimus [82] and gefitinib [39–43]. Acetonitrile-n-
butylchloride 1:4 was used for extracting erlotinib [50]. Erlotinib [45] and venetoclax [96]
were extracted by applying hexane-ethylacetate 1:1. In a single case, the method of LLE
was not detailed [58]. Most applications had been developed for pretreating CSF samples.
Everolimus was recovered from saliva [82], while, in one case, erlotinib was extracted from
pleural effusate.

Solid phase extraction with a polymeric reversed-phase sorbent was employed for
extracting crizotinib from CSF [71] and imatinib from leukocytes [13]. Afatinib was recov-
ered from CSF using an octadecyl silica loading [61]. The extraction of vismodegib from
CSF was feased by employing a strong mixed-mode cation exchange sorbent [94]. Gefitinib
was recovered from CSF using an unspecified cartridge [44]. Equilibrium dialysis was
employed to assess the unbound concentrations of ceritinib, ribociclib, and vismodegib
directly in plasma [74,78,79,84].

In addition, special pretreatment procedures were described by a few authors. Imatinib
was recovered from peripheral blood mononuclear cells by sonicating the defrosted pellet
in an ice-water bath, followed by centrifugation, counting cells in the supernatant, washing
with acetonitrile-methanol 1:1 and solvent exchange [14]. Ribociclib was assayed in CSF
after dilution with methanol-water 1:1, acidification with water containing 0.2% formic
acid, and centrifugation [80]. Automated sample preparation was employed as part of the
analysis of everolimus [81], imatinib [18], and nilotinib [29].

Finally, afatinib and ribociclib were assayed in CSF without any sample pretreatment [59,80].
Octadecyl silica stationary phases were selected by most authors for the liquid chro-

matographic separation of OACDs. Octyl silica was used for the separation of imatinib,
ribociclib and vemurafenib [13,16,68,80]. There are isolated examples of the application of
amide (ribociclib), polystyrol-divinylbenzene (imatinib), phenyl (gefitinib), and pentafluo-
rophenyl (ponatinib, regorafenib) phases [18,37,40,45,69,78,79,89]. In a single case of ibrutinib
measurement, a nano-high performance liquid chromatography system was employed [85].

Mass spectrometric detection was performed primarily with electrospray ioniza-
tion. Nevertheless, multiple examples of applying atmospheric pressure chemical ion-
ization for the quantitation of gefitinib [39,40,42,43], imatinib [16], and erlotinib [47] in CSF
were found. Bioanalytical methods developed by Bakhtiar et al., Jones et al., and Zhao
et al. were adapted in these works [114–116]. The employed mass analyzers were triple
quadrupole systems and quadrupole- linear ion trap hybrids. Ibrutinib was assayed using
high-resolution mass spectrometry [85]. None of the described methods mentioned the
application of negative polarity mass spectrometry. Ultraviolet–visible light absorbance
detection was used for the quantitation of afatinib in CSF (254 nm) [61], erlotinib in CSF
(345 nm or 348 nm) [50–52,56,57] and in pleural effusate (345 nm) [49], gefitinib in CSF
(344 nm) [44], imatinib in CSF (260 nm) [18] and in leukocytes (261 nm) [13], as well as
nilotinib (258 nm) [29] and vemurafenib (249 nm) [68] in CSF.

Most articles reported the use of an isotopically labeled internal standard when
employing mass spectrometry for detection. Non-labeled substances were chosen for
assaying afatinib (internal standard: imatinib) [60], dasatinib (carbamazepine and quinox-
aline) [12,27], erlotinib (midazolam and desmethyl erlotinib) [45–47], gefitinib (vande-
tanib) [41], ibrutinib (propranolol) [86], imatinib (carbamazepine and quinoxaline) [12,14],
nintedanib, panobinostat, regorafenib and vorinostat (carbamazepine) [12], and zanubruti-
nib (tolbutamide) [86]. These analyses were conducted on CSF samples, except for a single
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example of assaying imatinib in peripheral blood mononunclar cells [14]. The quantitation
was performed without introducing an internal standard for monitoring afatinib in CSF [61],
erlotinib in pleural effusate [49] and in CSF [51,52,56,57], and imatinib in breast milk [21]
and in CSF [18]. UV–VIS detection was employed in all of these reports, except for one
where tandem mass spectrometry was used with positive electrospray ionization [21].

Detailed information on the methods employed for monitoring OACDs in peripheral
fluid spaces is provided in Table 4. Eight of the eighty-five publications (9.4%) failed to
provide any methodological information or a reference to another manuscript describing
the methodology employed for the quantitation of OACDs in peripheral fluid spaces.
Altogether, 29 methodological publications were cited in the included manuscripts. The
work of Jones et al. was cited by most included works [114]. Only five methodolog-
ical works described the analysis of OACDs in peripheral fluid spaces, namely CSF
(three publications), colostrum (one publication), or PBMC (one publication). The rest
of the cited methodological papers described the analysis of one or more OACDs in blood.

Table 4. Analytical approaches to monitoring the concentrations of orally administered, small-
molecule anticancer medications with tumor-specific cellular protein targets in peripheral fluid
spaces. CSF, cerebrospinal fluid; Deprot., deproteinization; FA, formic acid; IS, internal standard;
LLE, liquid–liquid extraction; NS, not specified; PBMC, peripheral blood mononuclear cells; SPE,
solid phase extraction; TFA, trifluoroacetic acid.

Drug Matrix
Internal

Standard

Chromatography Mass Spectrometry UV–VIS
(nm)

Sample
Preparation Ref.Stationary

Phase
Mobile
Phases

Type of
Separation Ioniza-tion Analyte ions IS Ions

Afatinib CSF
Isotope-
labeled
afatinib

Reversed phase NS Gradient ESI (+) NS NS Not used None [59]

Afatinib CSF Imatinib

XBridge
Shield RP18

(50 × 2.1 mm,
3.5 µm)

Acetonitrile
(10 mmol/L
ammonium
hydroxide),

water
(1 mmol/L
ammonium
hydroxide),
pH = 10.5

Isocratic
(70:30) ESI (+) 486.0 > 371.3 494.1 > 394.4 Not used LLE [60,117]

Afatinib CSF None
Inertsil ODS-2
(150 × 2.1 mm,

5 µm)

Water (0.1%
ammonium

acetate,
pH = 8.5),

acetonitrile,
triethy-
lamine

Isocratic
(55:44:0.5) Not applicable 254 SPE [61]

Alectinib CSF Liquid chromatography–mass spectrometry was used. [75]

Alectinib CSF Liquid chromatography–tandem mass spectrometry was used. Sample preparation consisted of deprot. with methanol. [76]

Ceritinib CSF 13C6-ceritinib

Acquity UPLC
BEH C18

(50 × 2.1 mm,
1.7 µm)

Water
(0.1% FA),
methanol
(0.1% FA)

Gradient ESI (+) 558.0 > 433.0 564.3 > 438.9 Not used Deprot. [74,118]

Crizotinib CSF Liquid chromatography-tandem mass spectrometry was used. [70]

Crizotinib CSF
2H5 ,13C2-
crizotinib

Discovery C18
(50 × 2.1 mm,

5 µm)

Water
(0.3% FA),
methanol
(0.3% FA)

Gradient ESI (+) 450.2 > 260.2 457.2 > 267.3 Not used SPE [71,119]

Crizotinib CSF Liquid chromatography-tandem mass spectrometry was used. [72]

Crizotinib CSF No details of the employed analytical methodology are disclosed. [73]

Dabrafenib CSF 2H9-dabrafenib
XSelect HSS T3
(75 × 2.1 mm,

3.5 µm)

Water
(2 mmol/L
ammonium

acetate,
0.1% FA),

acetonitrile
(0.1% FA)

Gradient ESI (+) 520.1 > 292.0 529.1 > 316.2 Not used Deprot. [69,120]

Dasatinib CSF Carbamazepine
Nucleoshell

C18
(150 × 3 mm,

2.7 µm)

Water
(0.1% FA),
methanol

Gradient ESI (+)
488.17 > 232.1
488.17 > 193.1
488.17 > 161.0

237.1 > 194.2
237.1 > 165.1
237.1 > 121.1

Not used Deprot. [12]

Dasatinib CSF Quinoxaline
Atlantis C18

(150 × 4.6 mm,
5 µm)

Water
(0.05% FA),
acetonitrile
(0.05% FA)

Gradient ESI (+) 487.5 313.0 Not used Deprot. [27,121]

Dasatinib CSF
2H8-

dasatinib

Shim-Pack
XR-ODSII

(50 × 2 mm,
2.2 µm)

Water
(0.1% FA),

acetonitrile
(0.1% FA)

Gradient ESI (+) 488.0 > 401.0 496 > 406 Not used NS [28]

Erlotinib CSF Midazolam
C18 Luna

(150 × 4.6 mm,
5 µm)

Acetonitrile,
5 mmol/L

ammonium
acetate

Isocratic
(45:55) ESI (+) 394.1 > 278.0

394.1 > 336.0 326.2 > 291.0 Not used LLE [45,122]

228



Pharmaceutics 2023, 15, 239

Table 4. Cont.

Drug Matrix
Internal

Standard

Chromatography Mass Spectrometry UV–VIS
(nm)

Sample
Preparation Ref.Stationary

Phase
Mobile
Phases

Type of
Separation Ioniza-tion Analyte ions IS Ions

Erlotinib CSF Desmethyl
erlotinib

Zorbax C18
(150 × 3 mm,

1.8 µm)

Acetonitrile,
water

(15 mmol/L
ammonium

acetate)

Gradient ESI (+) 394.5 > 278.1 313.8 > 243.9 Not used Deprot. [46,123]

Erlotinib CSF Midazolam

Xterra
octadecylsilica
(50 × 2.1 mm,

3.5 µm)

Acetonitrile
(0.1% FA),

water
(0.1% FA)

Isocratic
(70:30) ESI (+) 394 > 278 326 > 286.1 Not used Deprot. [47,116]

Erlotinib CSF Liquid chromatography–tandem mass spectrometry were used. [48]

Erlotinib CSF OSI-597
Nova-Pak C18
(150 × 3.9 mm,

4 µm)

Acetonitrile,
water

(pH = 2.0)
Isocratic
(60:40) Not applicable 348 LLE [50,124]

Erlotinib CSF None
Symmetry C18
(150 × 4.6 mm,

5 µm)

Acetonitrile,
0.05 mol/L

aqueous
potassium
phosphate

(0.2% triethy-
lamine,

pH = 4.8)

Isocratic
(42:58) Not applicable 345 LLE [51,52,56,

57,125]

Erlotinib CSF High-performance liquid chromatography was used. [53]

Erlotinib CSF Deprot. with methanol-acetonitrile 1:4, v/v%. Liquid chromatography-tandem mass spectrometry was used. [54]

Erlotinib CSF Liquid chromatography–tandem mass spectrometry was used. [55]

Erlotinib CSF Liquid–liquid extraction and high-performance liquid chromatography with mass spectrometric detection was used. [58]

Erlotinib pleural
effusate None

Symmetry C18
(150 × 4.6 mm,

5 µm)

Acetonitrile,
0.05 mol/L

aqueous
potassium
phosphate

(0.2% triethy-
lamine,

pH = 4.8)

Isocratic
(42:58) Not applicable 345 LLE [49,125]

Everolimus Breast milk
2H4-

everolimus NS NS Gradient ESI (+) 975.6 > 908.5 979.6 > 912.5 Not used Online
enrichment [81,126]

Everolimus Saliva
13C,2H3-

everolimus Sunfire C18

Water
(20 mmol/L
ammonium

formate),
methanol

Gradient NS NS NS Not used LLE [82,127]

Gefitinib CSF
2H8-

gefitinib

XTerra phenyl
(50 × 4.6 mm,

5 µm)

Water (0.1%
ammonia),
acetonitrile

Isocratic
(30:70) APCI (+) 447.2 > 128.0 455.4 > 136.0 Not used LLE

[39,40,42,
43,114,
128]

Gefitinib CSF Vandetanib
Intersil ODS3

(150 × 2.1 mm,
3 µm)

Water
(0.02 mol/L
ammonium

acetate),
acetonitrile.

Isocratic
(70:30) ESI (+) 447.2 > 128.1 475.6 > 112.0 Not used LLE [41,114]

Gefitinib CSF Erlotinib
Zorbax Eclipse

XDB-C18
(150 × 4.6 mm,

5 µm)

Water (0.1%
triethy-
lamine,

pH = 4.8),
acetonitrile

Gradient Not applicable 344 SPE [44,129]

Gefitinib CSF
2H8-

gefitinib

Xterra
octadecylsilica
(50 × 2.1 mm,

3.5 µm)

Acetonitrile
(0.1% FA),

water
(0.1% FA)

Isocratic
(70:30) ESI (+) 447.1 > 128.0 455.1 > 136.0 Not used Deprot. [45,130]

Gefitinib
pleural and
peritoneal

effusate
Liquid chromatography–tandem mass spectrometry was used. [38]

Ibrutinib CSF
2H5-

ibrutinib

nLC
EASY-Spray

(50 cm)
NS Gradient Not

specified (+)
441.2034 >
138.0900

446.2347 >
138.0900 Not used Deprot. [85]

Ibrutinib CSF Propranolol
Zorbax SB-C18
(150 × 2.1 mm,

5 µm)

Methanol,
water

(0.1% FA)
Gradient ESI (+) NS NS Not used Deprot. [86,131]

Icotinib CSF Liquid chromatography–tandem mass spectrometry was used. [66]

Icotinib CSF Liquid chromatography–tandem mass spectrometry was used. [67]

Imatinib Breast milk
2H8-

imatinib

Luna C18
(50 × 4.6 mm,

5 µm)

Methanol
(0.1% FA),

water
(0.1% FA)

Gradient ESI (+) 493.7 501.7 Not used Deprot. [20,132]

Imatinib Breast milk None
Luna C18

(50 × 4.6 mm,
5 µm)

Methanol
(0.1% FA),

water
(0.1% FA)

Gradient ESI (+) 494 > 394 Not used Not used Deprot. [21,132]

Imatinib Breast milk Liquid chromatography–tandem mass spectrometry was used. Deprot. was employed as sample preparation. [22]

Imatinib Breast milk No details of the employed analytical methodology are disclosed. [23]

Imatinib Breast milk No details of the employed analytical methodology are disclosed. [24]

Imatinib Breast milk No details of the employed analytical methodology are disclosed. [25]

Imatinib CSF Carbamazepine
Nucleoshell

C18
(150 × 3 mm,

2.7 µm)

Water
(0.1% FA),
methanol

Gradient ESI (+)
494.27 > 394.2,
494.27 > 247.1,
494.27 > 217.2.

237.1 > 194.2
237.1 > 165.1
237.1 > 121.1

Not used Deprot. [12]
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Imatinib CSF Liquid chromatography–tandem mass spectrometry was used. [15]

Imatinib CSF
2H8-

imatinib

Symmetry
Shield-RP8

(50 × 4.6 mm,
3.5 µm)

Methanol
(0.05%

ammonium
acetate),

water (0.05%
ammonium

acetate)

Isocratic
(72:28) APCI (+) 494.3 > 394.3 502.2 > 394.3 Not used Deprot. [16,115]

Imatinib CSF No details of the analytical methodology are disclosed. [17]

Imatinib CSF None
ZirChromPDB-

ZrO2
(50 × 4.6 mm,

3 µm)

Water
(0.01 mol/L

KH2PO4 ,
0.09 mol/L
K2HPO4),
methanol

Isocratic
(60:40) Not used 260 Deprot., online

enrichment [18]

Imatinib CSF No details of the analytical methodology are disclosed. [19]

Imatinib Leukocytes Clozapine

Symmetry
Shield-RP8

(50 × 4.6 mm,
3.5 µm)

Methanol
(0.05%

ammonium
acetate),

Water (0.05%
ammonium

acetate)

Isocratic
(72:28) Not applicable 261 SPE [13]

Imatinib PBMC Quinoxaline
Atlantis T3 C18
(150 × 2.1 mm,

3 µm)

Water
(0.05% FA),
acetonitrile
(0.05% FA)

Gradient ESI (+) 493.8 313.0 Not used Deprot. [14,133]

Imatinib semen NS CAPCELLPAK-
C18

Water
(2 mmol/L
ammonium

acetate,
0.05% TFA),
acetonitrile-

methanol 1:1
(0.05% TFA)

NS ESI (+) NS NS Not used NS [26]

Lapatinib CSF High-performance liquid chromatography–mass spectrometry was used. [83]

Neratinib CSF Liquid chromatography–tandem mass spectrometry was used. [84]

Nilotinib CSF NS
Nucleosil C18

HD
(125 × 2 mm,

3.5 µm)

Acetonitrile,
0.05 mol/L

aqueous
potassium

dihydrogen-
phosphate
(pH = 4.03)

Isocratic
(37:63) Not applicable 258 Online

enrichment [29,134]

Nilotinib CSF No details of the analytical methodology are disclosed. [30]

Nilotinib CSF
13C,2H3-
nilotinib

Acquity BEH
C18

(50 × 2.1 mm,
1.7 µm)

NS NS ESI (+) 530.27 > 289.01 NS Not used Deprot. [32–34,36]

Nilotinib CSF High-performance liquid chromatography and tandem mass spectrometry were used. The internal standard was 2H6-nilotinib. [35]

Nilotinib Pleural
effusate Liquid chromatography–tandem mass spectrometry was used. [31]

Nintedanib CSF Carbamazepine
Nucleoshell

C18
(150 × 3 mm,

2.7 µm)

Water
(0.1% FA),
methanol

Gradient ESI (+)
540.26 > 113.1
540.26 > 70.2
540.26 > 42.2

237.1 > 194.2
237.1 > 165.1
237.1 > 121.1

Not used Deprot. [12]

Osimertinib CSF Liquid chromatography–tandem mass spectrometry was used. [62]

Osimertinib CSF Sample pretreatment consisted of deprot. Liquid chromatography-tandem mass spectrometry was used. [63]

Osimertinib CSF Liquid chromatography–tandem mass spectrometry was used. [64]

Panobiostat CSF Carbamazepine
Nucleoshell

C18
(150 × 3 mm,

2.7 µm)

Water
(0.1% FA),
methanol

Gradient ESI (+) 350.2 > 158.2
350.2 > 143.1

237.1 > 194.2
237.1 > 165.1
237.1 > 121.1

Not used Deprot. [12]

Panobinostat CSF Liquid chromatography–tandem mass spectrometry was used. [92]

Panobinostat CSF No details of the employed analytical methodology are disclosed. [93]

Pazopanib ascitic fluid No details of the employed analytical methodology are disclosed. [88]

Ponatinib CSF NS
Hypersil Gold

PFP
(100 × 2.1 mm,

1.9 µm)

Water
(10 mmol/L

formate
ammonium

buffer,
0.1% FA),

acetonitrile
(0.1% FA)

Gradient ESI NS NS Not used Deprot. [37,135]

Regorafenib CSF Carbamazepine
Nucleoshell

C18
(150 × 3 mm,

2.7 µm)

Water
(0.1% FA),
methanol

Gradient ESI (+)
483.09 > 288.1
483.09 > 270.1
483.09 > 202.0

237.1 > 194.2
237.1 > 165.1
237.1 > 121.1

Not used Deprot. [12]

Regorafenib CSF
2H5-

moxifloxacin

Kinetex F5
(50 × 4.6 mm,

2.5 µm)

Water
(0.1% FA),
methanol
(0.1% FA)

Gradient NS, (+)
polarity 483.1 > 270.1 407.4 > 266.4 Not used Deprot. [89]

Ribociclib CSF Carbamazepine
Nucleoshell

C18
(150 × 3 mm,

2.7 µm)

Water
(0.1% FA),
methanol

Gradient ESI (+)
435.3 > 322.1
435.3 > 294.1
435.3 > 252.1

237.1 > 194.2
237.1 > 165.1
237.1 > 121.1

Not used Deprot. [12]
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Ribociclib CSF 13C6-ribociclib
Xbridge Amide
(100 × 4.6 mm,

3.5 µm)

Acetonitrile,
water

(10 mmol/L
ammonium

formate,
pH = 3.0)

Isocratic
(75:25) ESI (+) 435.3 > 367.2 441.3 > 373.2 Not used Deprot. [78,79,

136]

Ribociclib CSF 2H6-ribociclib
Polaris C8

(50 × 2.0 mm,
5 µm)

Water
(0.1% FA),

acetonitrile
(0.1% FA)

Gradient ESI (+) 435.2 > 252.1 441.2 > 252.1 Not used
Dilution,

acidification,
centrifugation

[80,137]

Sunitinib ascitic fluid No details of the employed analytical methodology are disclosed. [88]

Tepotinib CSF Ultra-performance liquid chromatography was used. [90]

Tepotinib CSF Liquid chromatography–tandem mass spectrometry was used. [91]

Trametinib CSF 13C6-trametinib
XSelect HSS T3
(75 × 2.1 mm,

3.5 µm)

Water
(2 mmol/L
ammonium

acetate,
0.1% FA),

acetonitrile
(0.1% FA)

Gradient ESI (+) 616.1 > 254.1
616.1 > 491.3 622.0 > 497.2 Not used Deprot. [69,120]

Vemurafenib CSF Sorafenib
XTerra C8 MS
(250 × 4.6 mm,

5 µm)

Water
(100 mmol/L

glycine,
pH = 9.0),

acetonitrile

Isocratic
(45:55) Not applicable 249 Deprot. [68,138]

Venetoclax CSF
2H8-

venetoclax

Atlantis C18
(50 × 2.1 mm,

3 µm)

Acetonitrile,
water

(0.1% FA)
Isocratic
(55:45) ESI (+) 868 > 321 876 > 329 Not used Deprot. [95,139]

Venetoclax CSF
2H8-

venetoclax

Atlantis C18
(50 × 2.1 mm,

3 µm)

Acetonitrile,
water

(0.1% FA)
Isocratic
(55:45) ESI (+) 868 > 321 876 > 329 Not used LLE [96,139]

Vismodegib CSF 2H5-vismodegib Betasil C18
(100 × 2.1 mm)

Water
(0.1% FA),

acetonitrile
Isocratic
(40:60) ESI (+) 421.1 > 139.2 426.1 > 139.1 Not used SPE [94,140]

Vorinostat CSF Carbamazepine
Nucleoshell

C18
(150 × 3 mm,

2.7 µm)

Water
(0.1% FA),
methanol

Gradient ESI (+)
265.16 > 232.1
265.16 > 77.1
265.16 > 55.1

237.1 > 194.2
237.1 > 165.1
237.1 > 121.1

Not used Deprot. [12]

Zanubrutinib CSF Tolbutamide
Zorbax SB-C18
(150 × 2.1 mm,

5 µm)

Methanol,
water

(0.1% FA)
Gradient ESI (+) NS NS Not used Deprot. [86,131]

Zanubrutinib CSF NS
Acquity BEH

C18
(50 × 2.1 mm,

1.7 µm)

Water
(0.15 FA),

acetonitrile
(0.1% FA)

NS ESI (+) NS NS Not used Deprot. [87]

4. Discussion

The rapid growth of the number of related publications reflects the increasing clinical
interest in monitoring OACDs in therapeutically relevant extravascular fluids. Nevertheless,
the range of substances that have been monitored in these compartments with the aim of
supporting clinical decision making comprises the minor segment of marketed OACDs.
Currently, imatinib is the most extensively studied drug, followed by erlotinib, gefitinib,
and nilotinib. Interest in studying recently approved entities, such as dasatinib, osimertinib,
panobinostat, and ribociclib, is also rising.

To date, frequently monitored peripheral fluid spaces have included cerebrospinal
fluid, and, to a lesser extent, breast milk. Sporadic examples of monitoring OACDs in
pleural effusion fluid, ascitic fluid, the intracellular space of peripheral blood mononuclear
cells, semen, and saliva have been encountered. Collecting, handling, and processing
samples originating from these fluid spaces requires expertise and, regarding CSF, pleural
effusate, and ascitic fluid, specialized clinical infrastructure. Due to this limitation, as
well as to the need to use specialized and resource-intensive analytical technology, it is
likely that OACD monitoring in peripheral fluid spaces remains a competence of centers of
excellence in oncology.

The attainment of very low OACD concentrations in CSF seems to have been un-
expected by several authors. One explanation could be the poor permeability of the
blood–brain barrier to these drugs, but this assumption has been contradicted by results
showing that WBRT, an adjuvant intervention undertaken to increase this permeability, had
not always led to increased penetration rates [67,72,91]. The application of WBRT is part of
an effort to employ multimodal therapy against CNS malignancies, yet recent reports have
shown that it may have detrimental adverse effects, and should not be considered as a stan-
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dard measure in the therapy of NSCLC patients developing brain metastases. Experience
with WBRT is also controversial regarding the treatment of primary CNS lymphomas [141].
At the same time, it has been found effective in the therapy of brain metastases of breast
cancer patients, especially when combined with carboplatin injected intravenously [142].
Conventional photon radiotherapy, a similar approach with a more favorable adverse effect
profile, has also been proposed for increasing the penetration rate of OACDs through the
blood–brain barrier [143]. Various options of using more focal radiotherapy have also
been described [144].

Another interpretation is that the CSF concentrations of OACD substances could be
associated with the unbound plasma fractions. Several examples of a correlation observed
between unbound serum/plasma concentrations and CSF levels confirm this assumption
(Figure 3). Since the unbound fractions of various OACDs display considerable differ-
ences, it is indeed rational to judge CNS penetration based on these fractions instead
of the total serum/plasma levels. The evaluation of the unbound fractions shows that
the concentrations of some drugs attained in the CSF are equal to or even higher than
unbound circulating concentrations. The negligible presence of everolimus in saliva, an-
other medium accessed only by the unbound plasma fractions, confirms this rationale.
No approved clinical approaches exist for establishing individual protein binding rates.
Equilibrium dialysis has been used as an experimental sample pretreatment procedure for
determining unbound plasma concentrations of OACDs [74,78,79,94,145]. Microdialysis
has the potential to be employed for this purpose, but no examples of its application for
the assessment of unbound OACD concentrations were identified. A promising sample
pretreatment technology has recently become available for the rapid assessment of the
extent of protein binding. The device fits into the sample preparation workflow employed
by LC–MS/MS-based TDM laboratories, but there is still very limited experience regarding
its use [146].

The extent of plasma protein binding may not be the only factor of the penetration of
OACDs through the blood–brain barrier. Guntner et al. have shown with seven OACD
substances that molecule size and the affinity of the molecule to p-glycoprotein (ABCB1 or
MDR1, EC 7.6.2.2) are also key determinants. In accordance, the permeability of the blood–
brain barrier to dasatinib, imatinib, regorafenib, ribociclib, and vorinostat was higher than
to nintedanib or panobinostat. The comparison of experimental results to those obtained
using computer models nevertheless indicated that further variables, currently unidentified,
are likely to play an important role in this process [12].

In sum, more research is needed to find dosages and monitoring approaches that
result in the attainment of clinically sufficient CSF concentrations in all patients. Aggres-
sive dosing, the artificial facilitation of the penetration of drugs through the blood–brain
barrier, or the administration of drug combinations containing a component which in-
hibits p-glycoprotein or other drug-eliminating proteins relevant to a specific OACD are
potential strategies for the more efficient therapy of CNS malignancies. A methodology
is also emerging to predict OACD treatment efficacy by comparing the drug concentra-
tions measured in the target peripheral fluid to the in vitro IC50 established for the given
malignant cell line, and based on this relationship, by creating a mathematical link be-
tween the pharmacokinetic and pharmacodynamic properties of the administered drug. In
the future, this approach may prove useful in developing precision dosing schemes with
pharmacokinetic–pharmacodynamic targets, in an analogy to those already employed for
guiding antibiotic therapy.

In sharp contrast to the observations made in the CSF, high penetration rates or even
the accumulation of OACDs were consistently described in exudates formed by pleural
effusion and malignant ascites, and in excreta such as breast milk and semen. Imatinib
showed considerable accumulation in buffy coat cells and in peripheral blood mononuclear
cells. These findings indicate that the consideration of third spaces as pharmacokinetic
compartments may be rational in patients treated with lung or breast cancer, as well as in
leukemia patients.
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There has been a solid consensus in relying on liquid chromatography-based analytical
approaches for the therapeutic monitoring of OACDs in peripheral fluid spaces. Several
early methods relied on the use of UV–VIS detectors, but LC–MS/MS has by now emerged
as the primary analytical technique as a result of ensuring sufficient selectivity and sensitiv-
ity, requiring small sample volumes for the analysis, and allowing the high-throughput
processing of peripheral fluid space samples. When applied for the clinical analysis of
OACDs in these compartments, the main steps of these methodologies were reversed phase
chromatographic separation followed by positive electrospray ionization and multiple
reaction monitoring. The simple and rapid process of deproteinization was in most cases
sufficient for the pretreatment of samples. A common weakness of the analytical method-
ologies employed in the reviewed records is that they had not undergone comprehensive
validation, lowering the credibility of the presented results.

The application of equilibrium dialysis to retrieve direct clinical pharmacological
information fits into a series of related emerging approaches, such as the rapid assessment
of protein binding, or the partitioning between plasma and red blood cells. Such tech-
nologies are expected to facilitate the reporting of truly individualized, and, in a clinical
sense, substantially more relevant information on the pharmacokinetic properties of drugs
including OACDs in the future [146,147].

An important limitation of the performed evaluation is that only a minority of the
retrieved publications described the outcomes of registered clinical trials. The majority of
the works reported small-scale, researcher-initiated, unicentric studies, case series, or case
reports. In addition, the methodologies employed for sample collection and analysis were
uniquely developed by most investigators, limiting the comparability of results. Only a
fraction of the subjects involved in the studies had given their consent for collecting CSF
samples; consequently, the number of available CSF concentrations was small in several
publications. Indeed, peripheral space drug monitoring was conducted as a collateral tool
of diagnosis or patient status monitoring in several cases.

Malignancies are the leading causes of premature death worldwide, with breast
and lung cancers underlying the largest number of new cases [148]. The importance of
improving the treatment of these diseases is therefore beyond dispute. Therapeutic drug
monitoring and research regarding model-informed precision dosing is currently based on
the evaluation of drug concentrations in the systemic circulation, while evidence now shows
that the monitoring of OACDs in therapeutically relevant extravascular fluid compartments
can be equally important, especially for the better treatment of central nervous system
malignancies. TDM laboratories providing service for large oncological centers can add
a fundamental impetus by introducing suitable, validated, LC–MS/MS-based analytical
methods for monitoring these drugs in peripheral fluid spaces, and in vitro approaches to
determining unbound OACD concentrations. Establishing these competences is the first
step for the introduction of therapy guidance based on highly relevant pharmacokinetic
models and pharmacokinetic–pharmacodynamic indices, as well as for the early detection
of suboptimal dosages and the risk of certain adverse effects. Since the number of available
OACDs, as well as the range of their indications, is growing rapidly, the identification
of further therapeutic goals and therapeutically relevant peripheral fluid spaces can be
expected, maintaining a long-term need for the close cooperation of clinicians, clinical
pharmacologists, and the TDM service in this field.

5. Conclusions

This review has revealed that the therapeutic monitoring of OACDs in peripheral
fluid spaces is an important diagnostic tool for the assessment of the penetration of these
substances into CSF and third space fluids, which is imperative for the optimization of
drug administration, and of their appearance in excreta, which may convey important
information on adverse effects and other forms of toxicity. LC–MS/MS is an established
analytical technology for performing these measurements, with little effort required to
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transfer conventional, blood-based TDM methods. Nevertheless, dedicated centers of
excellence are needed to perform such measurements routinely.

A range of indications has been identified for which the TDM of OACDs in periph-
eral fluid spaces can provide clinically powerful information. More systematic studies
with rigorous quality control are needed, however, for elucidating the pharmacokinetic
properties of OACDs, for setting quantitative therapeutic targets, and for establishing
standard analytical methodology. Related research in pediatric populations still remains an
unmet need.

After more than 20 years of using OACDs, an alarmingly small number of these
substances has ever been investigated in a clinically important peripheral fluid space. In
several malignancies, the administration of these medications cannot be optimized without
knowledge regarding their quantities in these fluid spaces, especially in CSF; therefore,
research should be focused on gathering information on all OACDs in this respect.
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Abstract: Background: Methotrexate (MTX) is a key immunosuppressant for children with acute lym-
phoid leukemia (ALL), and it has a narrow therapeutic window and relatively high pharmacokinetic
variability. Several population pharmacokinetic (PopPK) models of MTX in ALL children have been
reported, but the validity of these models for model-informed precision dosing in clinical practice
is unclear. This study set out to evaluate the predictive performance of published pediatric PopPK
models of MTX using an independent patient cohort. Methods: A PubMed literature search was per-
formed to identify suitable models for evaluation. Demographics and measurements of the validation
dataset were retrospectively collected from the medical records of ALL children who had received
intravenous MTX. Predictive performance for each model was assessed by visual comparison of
predictions to observations, median and mean predicted error (PE), and relative root mean squared
error (RMSE). Results: Six models were identified for external evaluation, carried out on a dataset
containing 354 concentrations from 51 pediatrics. Model performance varied considerably from one
model to another. Different models had the median PE for population and individual predictions at
−33.23% to 442.04% and −25.20% to 6.52%, mean PE for population and individual predictions at
−25.51% to 780.87% and 1.33% to 64.44%, and RMSE for population and individual predictions at
62.88% to 1182.24% and 63.39% to 152.25%. All models showed relatively high RMSE. Conclusions:
Some of the published models showed reasonably low levels of bias but had some problems with
imprecision, and extensive evaluation is needed before model application in clinical practice.

Keywords: methotrexate; children; acute lymphoid leukemia; population pharmacokinetics; external
validation

1. Introduction

Methotrexate (MTX), a folate reductase inhibitor, has been widely used in the treatment
of autoimmune diseases and malignancies for decades [1,2]. Leukemia is a group of
malignant neoplastic diseases of the hematopoietic system, and it poses a significant health
risk to children. Childhood leukemia mainly includes acute lymphoid leukemia (ALL)
and acute myeloid leukemia (AML). ALL is the most common childhood cancer [3], and it
accounts for more than 70% of childhood leukemia in China [4]. MTX is the cornerstone
of maintenance cycles in childhood ALL chemotherapy [5], and its clinical dose can be
roughly classified as low (<0.5 g/m2), intermediate (0.5–1.0 g/m2), and high (>1.0 g/m2)
dose [6]. High-dose MTX (HD-MTX) provides the ability to target extramedullary leukemia
by producing cytotoxic concentrations in sanctuary sites (e.g., cerebrospinal fluid) where
low-dose MTX does not readily distribute [7]. Compared with low-dose MTX, HD-MTX
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shows significantly better patient event-free survival for childhood leukemia [8,9], and the
use of HD-MTX is widely accepted as the first-line therapy in consolidation for childhood
ALL [10,11].

In clinical practice, administration of HD-MTX often begins with a loading dose (e.g.,
10% of the total dose) infused over 0.5 h, followed immediately by a continuous titration
of the remaining dose over 23.5 h. It has been described that the steady-state plasma
MTX concentration (Cp,ss, the concentration after the end of 24 h MTX infusion) is most
appropriately associated with its therapeutic efficacy [12]. Depending on the risk level
of cancer patients, the dose level of HD-MTX varies individually for maximizing efficacy
while minimizing the toxicities [13]. For instance, a relatively high dose (e.g., 5.0 g/m2) is
suggested for ALL children with intermediate risk (IR) or high risk (HR) in order to improve
the outcome [14], while the relatively low dose (e.g., 3.0 g/m2) is adequate for low risk (LR)
ALL children [10]. Age, leukocyte count, leukemic cell genotype, and minimal residual
disease (MRD) are the important factors for risk classification [14,15]. The MTX dose is
deemed effective if the Cp,ss, is above 65 µmol/L (IR and HR patients) or 33 µmol/L (LR
patients) [11,12], and the treatment is subtherapeutic with a high risk of relapse when the
Cp,ss, is below < 16 µmol/L. HD-MTX is associated with a variety of toxic reactions, and liver
injury and nephrotoxicity are two of the serious adverse events [5,16]. It has been reported
that MTX concentrations > 100 µmol/L at 24 h, >1.0 µmol/L at 48 h, and >0.1 µmol/L at
72 h are supratherapeutic and are associated with increased toxicity [10,17,18]. Therefore,
the optimal use of HD-MTX is an important question for providing balanced efficacy
and toxicity.

MTX has a narrow therapeutic window, and the pharmacokinetics (PK) of HD-MTX
shows wide inter-individual variability (IIV) in children even under the same dosing regi-
men [19,20]. Routine therapeutic drug monitoring (TDM) for HD-MTX has been strongly
recommended to reduce the incidence of adverse events in the target patient popula-
tion [19,21]. Population pharmacokinetic (PopPK) models have the potential to improve
patient care by streamlining the TDM process [22]. PopPK models are less dependent on
precisely timed drug concentrations than traditional peak and/or trough concentration-
based monitoring, and they provide the options to quantify PK variability and identify
clinical characteristics (e.g., age and renal function) affecting the drug’s PK. In particu-
lar, for the immunosuppressive agents that are typically personalized by TDM, PopPK
models allow for the area under the concentration-time curve (AUC) guided monitoring
using Bayesian forecasting with limited sampling. Furthermore, PopPK models can aid
in accelerating the initial dose titration through a priori model-informed precision dosing
(MIPD) based on the baseline covariates of the target patients. Further optimization of
subsequent treatment target attainment can be performed through a posteriori MIPD based
on available TDM measurements and updated covariates over time [23,24].

MIPD is an advanced quantitative approach (e.g., PopPK model) that combines prior
knowledge on the drug-disease-patient system with patient data from TDM to support
individualized dosing in ongoing treatment [25], which takes into account inter-individual
variability in a drug’s exposure. By combining the efficacy and toxicity risk targets, MIPD
offers the potential to improve initial dose selection and individualized dose optimization,
thereby it can minimize the duration of subtherapeutic or supratherapeutic HD-MTX doses.
Before considering a PopPK model used in MIPD, model evaluation is an essential step
to assess the model’s accuracy and predictive performance. The most crucial question in
the evaluation of a PopPK model is if it can extrapolate the model’s results to patients at
other institutions or forecast the drug’s PK in prospective studies, especially when the goal
of the model is to determine the ideal individual dose. Internal evaluation is necessary
to test a model’s ability to describe the population with which it has been constructed,
and an external evaluation must be carried out to assess the predictive performance of the
model when extrapolated. Currently, the PopPK models of HD-MTX in ALL children have
been extensively reported [11,18–21,26], while the reported PK parameters and identified
covariates varied significantly. Although some of the published PopPK models of MTX
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in ALL children have been internally evaluated with a dataset from the same patient
cohort, this does not guarantee a good prediction performance when subjected to similar
patient populations from external institutions [27]. Therefore, it is important to evaluate
the predictive performance of the published PopPK models of MTX using independent
datasets in order to identify the best candidate model for MIPD.

The aim of this study was to provide a systemic summary of the published PopPK
models of MTX in ALL children and evaluate the predictive performance of these models
using an independent dataset.

2. Methods
2.1. Literature Search for the PopPK Models of MTX in ALL Children

A search of the literature data for the PopPK models of MTX in ALL children was made
through PubMed (until 30 November 2022) using the following search terms: (population
pharmacokinetics [Title/Abstract]) AND (methotrexate [Title/Abstract]) AND (children
[Title/Abstract] OR paediatrics [Title/Abstract]). The identified studies were reviewed,
and the relevant references were examined to identify other potential publications for
inclusion. Published studies were included for further analysis if the PopPK of MTX was
conducted in children with ALL. PopPK models of MTX were excluded from the external
validation if (1) the key information (e.g., the typical PK parameters and IIVs) is inadequate
for the model recompilation; and (2) the mean or median age of the patient population is
beyond the age range (1.0–13.0 years) of our patient cohort for the external validation. For
eligible PopPK models, the following information was extracted from the original studies:
structure of the compartmental model, population PK estimates, covariate model, inter-
and intra-individual variability, residual variability, and estimation method.

2.2. Dataset for External Evaluation

Data were collected retrospectively from the medical records of patients treated with
HD-MTX at the Third Xiangya Hospital at Central South University from 2019 to 2022.
This study was approved by the ethics committees of the hospital and was registered at
the Chinese Clinical Trial Registry (Register number: ChiCTR2000035264). Throughout the
study, all the procedures were carried out in accordance with the Declaration of Helsinki.
ALL was diagnosed if at least 25% of lymphoblasts were present in the bone marrow [15],
and we included patients with ALL who were under 18 years of age at the time of diagnosis.

Children with ALL were classified as LR, IR, and HR. The children with ALL whose
MRD was <1% at 19 days or MRD < 0.01% at 46 days were placed in the LR group. Patients
whose MRD was ≥1% at 46 days or who had leukemia blasts ≥ 5% without MRD markers
or with mixed lineage leukemia fusion genes, age < 6 months, and WBC ≥ 300 × 109/L
were placed in the HR group. All other cases are placed in the IR group. Theoretically,
patients in the LR group were given an HD-MTX dose of 3.0 g/m2, and patients in the IR
or HR group were given an HD-MTX dose of 5.0 g/m2. In practice, the actual HD-MTX
dose was decided by the physicians for each patient. MTX was intravenously administered
within 0.5 h for 10% of the total dose, and the remaining 90% dose was infused over 23.5 h.

Plasma samples were collected every 24 h until the MTX concentration dropped below
0.1 µmol/L. The actual sampling times were determined by the responsible nurses and
may be slightly deviated from the theoretical points. MTX concentration was determined
using fluorescence polarization immunoassay with a quantification limit of 0.05 µmol/L.
Data were included if at least one intravenous dose of MTX and the concentration measure-
ments were available. Data were excluded if there was any uncertainty about the time of
dosing, infusion duration, or the sampling time of concentration measurements. Baseline
characteristics of the ALL children were collected, including the demographics (gender, age,
weight, body surface area (BSA), and height), the laboratory measurements (white blood
cells, neutrophils, serum creatinine (Scr), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST)), and the estimated glomerular filtration rate (eGFR) based on
the Bedside Schwartz formula (Equation (1)) [28]. Data collation was performed using R
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version 4.2.0 (R Foundation for Statistical Computing, Vienna, Austria). No patient data in
the external validation dataset had previously been included in the development of any of
the PopPK models of MTX.

eGFR =
0.413×height

Scr (1)

2.3. Evaluation of Predictive Performance

Each selected PopPK model was separately implemented in NONMEM® software
(version 7.3, Icon Development Solutions, Ellicott City, MD, USA) as described in the
original article. Parameter estimates and covariate models for each PopPK model were set
to those determined in the original publications. Concentration predictions were generated
based on the specific PopPK models in combination with the doses, sampling times, and
covariates recorded in the validation dataset. That is, the predicted concentrations were
obtained based on the PopPK models using the maximum a posteriori-Bayesian estimation
(MAP-BE, $ESITIMATION MAXEVAL=0 in NONMEM). Reported PK parameters were
adopted for each PopPK model to calculate the predicted population and individual
concentrations at sampling times identical to those of our own data. If the specified
covariate in the PopPK model was not available in the evaluation dataset, the mean or
median covariate value was used as stated in the original publication. In addition, a
proportional error of 30% was assumed for the residual variability if the models did not
report this information.

The predictive performance of the PopPK models was assessed by the use of graphics
and statistical metrics. Goodness-of-fit (GOF) was assessed graphically by comparing ob-
served concentrations (Cobs) to population predicted concentrations (Cpred) and individual
predicted concentrations (Cipred) to inspect potential bias (a systematic upward or down-
ward deviation from the line of unity) and imprecision (a high degree of scattered data
points around the line of unity). Furthermore, the Bland-Altman (B-A) plots were created
to visualize the trends in bias for the population and individual predictions. The prediction
error (PE; in percent; Equation (2)), the mean relative error (MPE; in percent; Equation (3)),
and the relative root mean squared error (RMSE; in percent; Equation (4)) were calculated
for population and individual predictions to quantify the predictive performance.

PE =
Ci,pred−Cobs

Cobs
(2)

MPE = 1
N

N

∑
i=1

Ci,pred−Cobs
Cobs

(3)

RMSE =

√
1
N

N

∑
i=1

(Ci,pred−Cobs
Cobs

)2
(4)

where N is the number of observed MTX concentrations, and Ci,pred is the Cipred or Cpred
of MTX.

A PopPK model was deemed acceptable for our clinical settings when both the mean
and median values of PE were less than 20% [27,29] and RMSE was less than or equal to
30% [29,30]. Data processing and plotting were carried out with R version 4.2.0.

3. Results
3.1. Literature Search and Summary of Published PopPK Models

The literature search identified a total of fourteen papers detailing the population
pharmacokinetics of MTX in children [11,18–21,26,31–37]. Among them, six studies in-
cluded ALL patients greater than 13 years or infants and were excluded for further anal-
ysis [18,31–35,37]. In addition, one PopPK study was conducted on pediatric patients
with osteosarcoma and was also excluded [38]. Finally, six PopPK models of MTX in ALL
children were included for the external evaluation [11,19–21,26,36]. The demographics,
clinical characteristics, and doses for the patients of the included studies are summarized in

245



Pharmaceutics 2023, 15, 569

Table 1. The mean age for all the studies was 5.0–7.5 years. Three of the models evaluated
were based on the data from Chinese children [19,20,26], and the others were developed for
Spanish [21], American [36], and Mexican [11] children. The largest model was developed
with data from 311 pediatric patients proposed by Gao et al. [19], while the smallest model
was developed with data from 36 patients proposed by Hui et al. [20].

The key information (e.g., model structure and covariate model) of the included
PopPK models were provided in Table 2. The disposition of MTX was described by a
two-compartment model in five studies and a three-compartment model in one study [19].
Typical estimates for MTX clearance in the included studies ranged from 3.52 [36] to
7.73 [20] L/h, with the lowest value being reported in the Jonsson et al. study with a
median patient age of 5.0 years old. In studies based on a two-compartment model, the
typical central volume of distribution varied across different subpopulations, ranging
from 7.5 [11] to 24.1 [36] L, with the lowest value being reported in a Medellin-Garibay
et al. study. All models estimated the IIV associated with MTX clearance, with values
ranging from 8.2% [11] to 109.0% [26]. The highest IIV in MTX clearance was reported in a
Jonsson et al. [36] study. The PopPK model developed by Hui et al. study implemented
an inter-individual variability on MTX clearance with an estimated effect of 14.9% [20].
Applied covariates varied among the models, but all models included body size descriptors
(e.g., weight and BSA) related to clearance and/or volume of distribution. Other identified
covariates were eGFR and Scr on clearance, age on clearance and volume terms [21], gender,
and pre-chemotherapy alkalinization volume on clearance [26]. As for residual unexplained
variability, the applied forms included additive (including the additive error on the natural
log-transformed concentrations), proportional, or combined proportional and additive
error models with values ranging from 19.0% to 35.4% for the proportional component and
0.0035 to 0.0872 µmol/L for the additive component.

Table 1. Demographics and clinical characteristics of the included studies and evaluation dataset of
high-dose methotrexate in children with acute lymphoblastic leukemia (ALL).

Characteristics Aumente et al. [21] Gao et al. [19] Hui et al. [20] Medellin-Garibay et al. [11] Zhang et al. [26] Jonsson et al. [36] Evaluation Dataset

Tumor Type ALL ALL ALL ALL ALL ALL ALL
N 37 311 36 41 96 304 51

M/F 17/20 197/114 23/13 NA 66/30 NA 40/11
Age (years) 5.0 (0.5–17.0) 5.0 (0.75–15.2) 5.3 (1.3–15.8) 5.0 (1.0–15.0) 7.4 ± 3.1 5.0 (0.4–17.8) 5.5 (1.0–13.0)
Weight (kg) 24.2 (7.5–80.0) 19.0 (4.5–113.0) 18.4 (10.4–57.8) 21.2 (8.0–57.3) 26.1 ± 10.4 19.0 (5.8–93.3) 19.0 (9.5–62.0)
Height (cm) 115 (69–174) 112 (67–175) 107 (77–176) 115 ± 24 120 ± 21 110 (63–192) 113 (73–168)
BSA (m2) 1.07 (0.30–1.90) NA 0.74 (0.47–1.64) 0.79 (0.41–1.6) 0.97 ± 0.29 0.76 (0.31–2.19) 0.77 (0.41–1.60)

MTX dose (g/m2) 1.23–5.23 1–5 2–5 2.89 ± 0.9 2–3.5 5–8 1–5
ALT (IU/L) NA 16.0 (2.0–390.0) 16.5 (5.0–247.0) 19.1 (7.2–98.2) 32.7 ± 44.5 31.2 (6.0–228.6) 32.5 (4.0–250.0)
AST (IU/L) NA 26.0 (8.0–135.0) NA 25.8 (13.9–112.7) 45.3 ± 34.5 NA 36.0 (17.0–131.0)
Scr (mg/dL) 0.5 (0.3–0.8) 0.3 (0.1–1.5) 0.362 (0.11–1.07) 0.37 ± 0.11 0.36 ± 0.10 NA 0.31 (0.16–0.71)

The values are presented as median (range) or mean ± standard deviation. M/F: male/female; N: number of
patients; ALL: acute lymphoid leukemia; BSA: body surface area; Scr: serum creatinine; MTX: methotrexate; ALT:
alanine aminotransferase; AST: aspartate aminotransferase; NA: not available.
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3.2. Characteristics of the Evaluation Dataset

The data used for external evaluation were collected from 51 ALL pediatrics with
354 concentration measurements. The demographics and clinical features of the included
patients are summarized in Table 1. The prescribed HD-MTX dose varied from 1.0 g/m2

to 5.0 g/m2. The median age, weight, and BSA of the pediatric population were 5.0 years,
19.0 kg, and 0.77 m2, respectively. All the patients had normal renal function with a
median eGFR of 149.9 mL/min/1.73 m2. The concentration observations versus time after
dosing are displayed in Figure 1. In general, the measurements were mainly obtained at
approximately 24, 48, 72, and 96 h after the start of MTX infusion.
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Figure 1. Methotrexate concentration versus time after dosing obtained with data available for
external validation of the identified models.

3.3. Model Evaluation

The comparisons of population and individual predictions to observations for each
model are shown in Figure 2. For population predictions, two of the models (Aumente et al.
and Zhang et al.) had many predictions underestimated compared to the observations
(Panels A and E) [21,26], while the model proposed by Jonsson et al. showed significant
overpredictions (Panel F) [36]. The systematic bias of the individual predictions for the
above models almost disappeared, except for the model proposed by Aumente et al. (Panel
A) [21], indicating a better accuracy of individual predictions compared to the population
predictions. Additionally, no systematic bias was observed for the models proposed by
Gao et al., Hui et al., and Medellin-Garibay et al. in terms of the population and individual
predictions (Panels B, C, and D) [11,19,20].

The prediction errors of the population and individual predictions for the evaluated
models are visualized in box plots (Figure 3), and the median PE and MPE values are
presented in Table 3. The median PEs of the population predictions for most of the models
(except the Medellin-Garibay et al. study) were beyond ±20%, and the highest median
PE (442.0%) was observed for the model proposed by Jonsson et al. [36]. Conversely, the
median PE of the individual predictions for only one model (Gao et al. study) is distributed
slightly over ±20% [19], and all other models showed acceptable bias. In terms of the
MPE, the top three models showing good performances (<±20%) for both population and
individual predictions were the Gao et al. [19], Hui et al. [20], and Zhang et al. [26] studies.
Again, the model proposed by Jonsson et al. showed the worst bias with an MPE value of
780.87%. Bland-Altman plots showed that there was no apparent trend in the prediction
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errors of the population (Figure 4) and individual (Figure 5) predictions for four models
(Aumente et al., Medellin-Garibay et al., Zhang et al., and Jonsson et al.) [11,21,26,36] over
the whole concentration range observed in our data, while obvious trends were observed
for the models proposed by Gao et al. [19] and Hui et al. [20]. All models show high RMSE
with determined values > 30% (Table 3). The model proposed by Gao et al. performed best
in RMSE in view of both the population (72.39%) and individual (63.96%) predictions [19].
This model also showed the smallest bias, as indicated by the MPEs. In general, the high
RMSEs indicate the high imprecision of the models. That is, when validated with external
data, the models all showed the need for further refinement.
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Figure 2. Observed concentrations versus population and individual predictions for the included
population pharmacokinetic models of methotrexate in children with acute lymphoid leukemia.
(A) Model proposed by Aumente et al. [21]; (B) model proposed by Gao et al. [19]; (C) model
proposed by Hui et al. [20]; (D) model proposed by Medellin-Garibay et al. [11]; (E) model proposed
by Zhang et al. [26]; and (F) model proposed by Jonsson et al. [36].

Table 3. Prediction error (PE) of the individual predictions (IPRED) and population predictions
(PRED) to observations for the evaluated models.

Model
IPRED PRED

Median PE (%) MPE (%) RMSE (%) Median PE (%) MPE (%) RMSE (%)

Aumente et al. [21] 6.52 12.06 76.09 −31.70 −25.51 81.15
Gao et al. [19] −25.20 1.33 63.96 −26.76 3.22 72.39
Hui et al. [20] −10.43 8.78 82.96 −33.23 −8.24 62.88

Medellin-Garibay et al. [11] −0.75 22.71 75.55 −7.56 6.39 68.33
Zhang et al. [26] 1.16 16.00 63.39 −29.92 15.62 145.92

Jonsson et al. [36] 5.25 64.44 152.25 442.04 780.87 1182.24

MPE: mean relative error, RMSE: root mean square error.
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Figure 3. Prediction error (PE) distributions of the individual (upper panel) and population (bottom
panel) predictions for evaluated population pharmacokinetic models of methotrexate using an inde-
pendent dataset in children with acute lymphoid leukemia. In the boxplots, the lower boundary of the
box indicates the 25th percentile, the line within the box marks the median, and the upper boundary
of the box represents the 75th percentile. Whiskers above and below the box indicate 1.5-fold of the
interquartile range below the 25th percentile and above the 75th percentile, respectively. Points above
and below the whiskers are defined as outliers. The vertical black solid line represents the PE value
at zero (unbiased), and the dashed black lines indicate ±20% of PE (acceptable bias) [11,19–21,26,36].
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Figure 4. Bland-Altman plots of the prediction errors of population predictions for published
population pharmacokinetic models of methotrexate based on an independent dataset in children
with acute lymphoid leukemia. The black line is the mean of the population prediction error, and the
black dashed lines are the mean ± 1.96 times the standard deviation of the population prediction
error [11,19–21,26,36].
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4. Discussion

External evaluation is a crucial step to assess the accuracy, precision, and predictive
performance of a PopPK model before its application in clinical practice. This step evaluates
the model’s ability to describe the intended population and the impactful clinical variables
related to the drug’s PK. This study is the first to review the published PopPK models of
MTX in ALL pediatric patients and to systemically evaluate the predictive performance of
these models using a new independent dataset.

All the evaluated models incorporated the influence of body size (e.g., body weight and
BSA) on either clearance or volume of distribution. As MTX distributes into extracellular
fluid and tissues, it is explainable that its volume of distribution tends to increase with the
patient’s body size. As a predominantly renally excreted drug (80–90% of the administered
dose), the descriptors of renal function (e.g., Scr and eGFR) are expected to influence
MTX clearance. Of the evaluated models, only two of them included the influence of
a renal function descriptor on MTX clearance [19,20]. This may be because most of the
studies were based on patients with normal to moderately impaired renal function, and
the impact of renal function on MTX clearance could not be detected significantly. The
conflicting findings in the literature about the effect of renal function descriptors on MTX
clearance might be arising from the following reasons: (1) the sample size of some studies
is too small to detect the potential effect; (2) some studies only tested the effect of serum
creatinine whereas eGFR is theoretically more predictive; and (3) the effect of renal function
descriptors may be relatively weak in some studies and might have been blinded by other
highly correlated covariates (e.g., age and body size-related covariates). Our patients in the
validation dataset all had normal renal function, and the inclusion or the lack of inclusion
of renal function in the PopPK model may be of little importance for the prediction.

The predictive performance of the models evaluated in our study varied considerably,
and all the tested models only partially met the predefined criteria. In general, most of
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the models (except the Jonsson et al. model) demonstrated good accuracy (<±20% or a bit
higher, in terms of median PE and MPE) for both the population and individual predictions.
This highlighted that these models would be useful for a priori dose adjustment using
only the population parameters and identified covariates. However, for all models tested,
the RMSEs were between 62.88–1182.24% for population predictions and 63.96–152.25%
for individual predictions. This demonstrated that the use of population PK parameters
and patient covariates alone without feedback concentrations from individual subjects is
inadequate to make precise predictions. Incorporation of feedback measurements into the
PopPK model could improve the precision of Bayesian forecasting. The PopPK models
of Aumente et al. [21], Medellin-Garibay et al. [11], and Zhang et al. [26] showed the best
predictive performance across all the different tests, including the graphic and numerical
predictive performance assessment. All these three models were originally validated using
the dataset from the patient cohort very similar to the population with which the model
was developed. Although the Gao et al. [19] and Hui et al. [20] models showed comparable
performance to the above models in terms of numerical assessment, they had obvious
prediction bias over the concentration range, as indicated by the Bland–Altman plots.
Notably, the Gao et al. [19] model was developed based on the largest dataset (311 children
with 4517 measurements), but it did not show a better predictive ability. In this model,
a three-compartment disposition rather than a two-compartment disposition model was
used, while the residual unexplained variability of the final model is still high (35.4%).
We noted that the central volume of distribution in the Gao et al. [19] model (20.7 L) is
higher than in other models (Table 2), leading to an obvious underprediction for the peak
concentrations of MTX (Supplementary Table S1). Similarly, significant underprediction
of peak MTX concentrations was also seen with the Hui et al. model (Table S1). The
worst predictive performance was observed with Jonsson et al. model, especially for the
population predictions. This is because a large variability (109%) was found for MTX
clearance in this model, and probably the most influential covariates were not identified
to reduce the variability. As expected, a better performance was found for the individual
predictions after the incorporation of the IIVs of the population parameters. The model
performance could be further improved when the trough concentrations were removed
(Table S1), indicating that the model is inaccurate for predictions of trough concentrations.
These results highlighted that it is essential to evaluate a model in target patient populations
before its application in clinical practice.

We consider that the following factors can partially explain the heterogeneous perfor-
mance of the included models. First, the incorporated covariates may affect the prediction
performance. Theoretically, the models including the largest number of covariates could
show better results in the external evaluation, especially for the population predictions. For
instance, the Jonsson et al. model only considered the effect of body weight on a drug’s PK,
which seems to be significantly insufficient for our data [36]. Furthermore, extrapolation of
the covariate effects beyond the range of the values from the original patient population
could lead to biased model predictions. Likewise, the lack of inclusion for important covari-
ates in the PopPK models may result in high prediction errors for the population predictions
(e.g., the Jonsson et al. model) [36]. Second, the differences in clinical characteristics of the
external validation dataset and the patient populations in published PopPK models may
influence the evaluation results. In this study, although we ensured that the mean age of the
model evaluated was close to that of the validation dataset, the other patient characteristics
were not considered. Differences in other parameters, such as disease severity, leucovorin
rescue procedure, ethnicity and genetic polymorphisms, duration of MTX treatment, or
co-medication, may alter the population parameters of the patient populations with similar
age (e.g., the high central volume of distribution in Gao et al. study) [19], thus they may
partly explain the models’ non-applicability to our patient cohort. Third, some of the
constructed models were mainly based on peak and trough concentrations [19,20], and this
would lead to a biased estimation of the distribution parameters. Likewise, our validation
dataset is composed of peak and trough measurements. The concentrated distribution of
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such data points failed to fully assess the model prediction performance over the whole
concentration-time range, potentially producing a biased evaluation.

The diverse landscape in the performance of the evaluated models observed in our
study demonstrated that it is important to first execute extensive model evaluation before
adopting a model in clinical facilities. Our study showed that the PopPK models of MTX
failed to predict concentration-time data properly for external subjects that belong to a
similar population in which the model was created. Therefore, it warns us that we should
be cautious to apply the internally validated model to external institutions.

The present study has some limitations. First, the validation dataset was retrospec-
tively collected from clinical settings, and uncertainty was associated with data records.
Although we performed a data inspection by two independent persons, some random
errors may still remain in the data. As the selected model is intended to be used in daily
clinical practice, and the same random errors (e.g., recording errors) may also present
in real situations, evaluation of the model performance using such real-world data is a
meaningful and rigorous examination in order to test the robustness of the model. Second,
the evaluation dataset was from a single center and consisted of centralized measurements
(peak and trough), which may prevent a good appreciation of the drug’s distribution. Yet,
the ultimate objective of the model evaluation was to use the selected models for MIPD in
daily practice with only the peak and/or trough concentrations, thus it was crucial to test
the models under this real-life condition.

5. Conclusions

The present study externally evaluated six published PopPK models of MTX in ALL
children with independent clinical data. Some of the published PopPK models were found
to have reasonably low levels of bias for both population and individual predictions but a
relatively high degree of imprecision. The fact that none of the evaluated models passed the
external validation emphasized that extensive validation is required before the adoption of
the model used for clinical care for ALL pediatrics.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics15020569/s1, Table S1: Prediction error (PE) of the individual
predictions (IPRED) and population predictions (PRED) to observations for the evaluated models for
peak concentrations.
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Abstract: Low-dose rivaroxaban has been used in Asian patients with direct oral anticoagulants
(DOACs) eligible for atrial fibrillation (AF). However, there are few pharmacokinetic (PK) data in
Thai patients to support precise dosing. This study aimed to develop a population PK model and
determine the optimal rivaroxaban doses in Thai patients. A total of 240 Anti-Xa levels of rivaroxaban
from 60 Thai patients were analyzed. A population PK model was established using the nonlinear
mixed-effect modeling approach. Monte Carlo simulations were used to predict drug exposures
at a steady state for various dosages. Proportions of patients having rivaroxaban exposure within
typical exposure ranges were determined. A one-compartment model with first-order absorption
best described the data. Creatinine clearance (CrCl) and body weight significantly affected CL/F and
V/F, respectively. Regardless of body weight, a higher proportion of patients with CrCl < 50 mL/min
receiving the 10-mg once-daily dose had rivaroxaban exposures within the typical exposure ranges.
In contrast, a higher proportion of patients with CrCl ≥ 50 mL/min receiving the 15-mg once-daily
dose had rivaroxaban exposures within the typical exposure ranges. The study’s findings suggested
that low-dose rivaroxaban would be better suited for Thai patients and suggested adjusting the
medication’s dose in accordance with renal function.

Keywords: population pharmacokinetic; rivaroxaban; atrial fibrillation; direct oral anticoagulants;
Thai patient

1. Introduction

Rivaroxaban, one of the direct Factor Xa (FXa) inhibitors, is an oral anticoagulant
approved for stroke prevention in patients with direct oral anticoagulants (DOACs) eligible
for atrial fibrillation (AF) [1]. The approved doses for AF are 20 and 15 mg administered
once daily in patients with normal renal function and moderately impaired renal function,
respectively [1]. Rivaroxaban was proved to be non-inferior to warfarin in clinical studies in
Caucasians and Asians (the ROCKET AF and the Japanese ROCKET AF studies) [2,3]. High
interindividual variability and the unexpected risk of bleeding caused by rivaroxaban are
concerns in the Asian population [4]. Although low-dose rivaroxaban has been used based
on patient-specific factors in a real-world setting among Asian patients [3–5], the precise low
dose has never been established in this population. This increases the uncertainty around
the clinical practice of rivaroxaban prescription. Additionally, because of the substantial
interindividual variability of this medication, selecting the best dose in accordance with
patient characteristics may help to increase its effectiveness and safety. However, there is a
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lack of important pharmacokinetic (PK) data for choosing the right dose. As a result, it can
be difficult to precisely dose rivaroxaban for Asian individuals.

Anti-Xa activity is linearly correlated with the plasma concentration of direct FXa
inhibitors, including rivaroxaban [6,7], making it useful for predicting clinical outcomes.
Studies have shown that individuals with AF who had a higher Anti-Xa levels of rivarox-
aban measured at peak concentration reported more bleeding complications following
treatment [8–10]. In addition, a previous study showed an elevated risk of thrombotic
events in patients with low Anti-Xa level measured at trough concentration [11,12]. There-
fore, a precise dosage of rivaroxaban would be required to provide optimum exposure.
Furthermore, substantial interpatient variability in the trough concentration of rivaroxaban
has been observed, which raises the risk of unexpected bleeding [13,14]. Despite the fact
that therapeutic drug monitoring is not required for all patients treated with rivaroxa-
ban in a routine clinical care setting [15], it may be useful for patients in certain clinical
situations (i.e., major bleeding, surgery, renal failure, thromboembolism, and drug-drug
interactions), as well as for a population at a high risk of bleeding, such as the elderly,
extremely underweight, and those with renal impairment [13,16].

Previous studies showed high interindividual variabilities of rivaroxaban concen-
trations [17,18]. Numerous variables, including age, gender, body weight, and renal
function, as well as drug-drug interactions (e.g., inhibitors or inducers of CYP3A4 and/or
P-glycoprotein), may contribute to the considerable variability in rivaroxaban’s PK [19,20].
Thus, dosage modification of rivaroxaban based on patient characteristics may result in
optimum drug exposure and safer dose administration.

The disparities in rivaroxaban dosage needs between ethnic groups have been re-
ported [2,3], which may be attributable to the difference in body weight and renal func-
tion [21,22]. The clinical trials in Caucasians (the global ROCKET AF) and Japanese (the
Japanese ROCKET AF) demonstrated comparable clinical outcomes for stroke prevention
and bleeding events [2,3], despite the fact that the Japanese patients received a lower dose
of rivaroxaban (15 mg once daily for patients with normal renal function and 10 mg once
daily for patients with moderately impaired renal function) [3]. Population PK studies
revealed equivalent simulated area under the plasma concentration-time curve from 0–24 h
(AUC0–24) and peak plasma concentration (CMAX) values for rivaroxaban at 15 mg once day
in Japanese and 20 mg once daily in non-Japanese individuals [23,24]. Japanese patients
taking 20 mg once daily, on the other hand, showed a larger simulated AUC0–24 and CMAX
than Caucasian patients receiving the same dosage. These findings supported the use of
low-dose rivaroxaban in Japanese patients with DOAC-eligible AF.

With Thai individuals sharing comparable features to Japanese patients, a lower
dose of rivaroxaban may be more appropriate. A cohort study in Thai DOAC-eligible AF
patients discovered that using the lower Japan-specific dose resulted in a larger proportion
of patients meeting the typical exposure ranges of Anti-Xa at peak concentrations, whereas
the approved dose was likely to exceed the range [25]. As a result, a lower dose of
rivaroxaban is likely to be used in Thai patients. However, the rivaroxaban PK profiles in
the Thai population have not been studied. The information on rivaroxaban PK derived
from real-world data is required to facilitate dose optimization. Additionally, dosing based
on patient characteristics could be utilized to guide the individualized rivaroxaban dose.
Thus, this study aimed to develop a population PK model and evaluate factors influencing
rivaroxaban PK. The developed model was then applied to design the optimal dose using
Monte Carlo simulations.

2. Materials and Methods
2.1. Study Design

The analysis included data from a previous study comparing Anti-Xa levels at peak
and trough between the standard dose and a Japan-specific dose of rivaroxaban in Thai
patients [25]. Sixty adult patients with non-valvular AF were included in the previous
study at a tertiary hospital that serves as an academic and referral center for northern
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Thailand between June 2018 and January 2019. Patients with significant renal impairment
(CrCl < 15 mL/min) or poor medication adherence were excluded [25].

Rivaroxaban was given to the patients based on their renal function, determined as
CrCl. Two dosing strategies, including the standard doses and the Japan-specific doses,
were evaluated. The standard doses were 20 mg once daily for CrCl ≥ 50 mL/min and
15 mg once daily for CrCl 15–49 mL/min, while the Japan-specific doses were 15 mg once
daily for CrCl ≥ 50 mL/min and 10 mg once daily for CrCl 15–49 mL/min.

All patients were started with the standard dose of rivaroxaban for at least one week.
Then the Anti-Xa were collected at peak (2–4 h after taking the dose) and trough concentra-
tions (22–24 h after the last dose). They were then switched to the Japan-specific dose, and
the Anti-Xa were measured at peak and trough concentrations after at least one week of
rivaroxaban administration.

Ethical approval was given by the Institutional Review Board of the Faculty of
Medicine, Chiang Mai University, Chiang Mai, Thailand, and the Institutional Review
Board Committee on human research at the University of Phayao, Phayao, Thailand.

2.2. Rivaroxaban Quantification

Blood samples were collected into 3.2% sodium citrate tubes and mixed by inverting
them for 8–10 min to avoid clotting. The samples were centrifuged at 3000 rpm for 10 min.
Plasma was separated and stored at −70 ◦C until the analysis.

The Anti-Xa activity of rivaroxaban in plasma was measured with the chromogenic
method using BIOPHENTM Heparin LRT kits (Dasit, Milan, Italy) and analyzed on an
Automated Blood Coagulation Analyzer (Sysmex CS 2500 System, Siemens Health Care,
Milan, Italy). All reagents and instruments were used in accordance with the manufac-
turers’ instructions. The Anti-Xa was specifically calibrated and translated into values of
rivaroxaban concentration [25]. The BIOPHENTM Rivaroxaban Calibrator kits were used to
set the curve for the low range and standard range. These calibrators were used to establish
the calibration curves for the Anti-Xa chromogenic assays of rivaroxaban in plasma. The
BIOPHENTM Rivaroxaban Control kits were used to control the curve for the low range and
standard range. These controls were used for the quality control of Anti-Xa chromogenic
assays of rivaroxaban in plasma.

2.3. Population Pharmacokinetic Analysis

The population PK analysis of rivaroxaban was performed using nonlinear mixed
effects modelling in NONMEM® software, version 7.4 (Icon Development Solution, Ellicott
City, MD, USA). The first-order conditional estimation method with interaction (FOCE-I)
was used throughout the model development. Model diagnostics and automated functions
for model development were performed using Xpose version 4.0 [26], Pirana [27], and
Perl-speaks-NONMEM (PsN; version 5.2.6) [28].

The data availability during an absorption phase was limited since the Anti-Xa activity
of rivaroxaban was only obtained at steady-state peak and trough concentration on two
different dosing occasions. Thus, a frequentist prior approach ($PRIOR) was implemented
to stabilize model parameter estimates [29]. The typical value and inter-individual variabil-
ity (IIV) of the oral absorption rate constant (ka) from a previous study [23] were applied
using a frequentist prior methodology.

The PK parameters were assumed to be log-normally distributed, and their IIVs were
introduced as an exponential function. The residual unexplained variability (RUV) was
modeled using an additive function.

The difference in objective function value (∆OFV) was used as a criterion for model
discrimination. The ∆OFV of >3.84 and >6.63 were considered statistically significant at a
p-Value of <0.05 and <0.01, respectively, with one degree of freedom.

The influence of patient characteristics on PK parameters was investigated using
a stepwise covariate approach. During stepwise forward inclusion, the ∆OFV of >3.84
was used to include the covariate in the model, and the more stringent criterion (∆OFV
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of >6.63) was used in the stepwise backward deletion to retain the covariate in the final
model. The following covariates were evaluated: age (years), body weight (kg), body mass
index (kg/m2), creatinine level (mg/dL), creatinine clearance (CrCl; mL/min, calculated
according to Cockcroft and Gault equation) and sex.

Model misspecification and systematic errors were assessed using the goodness-of-fit
plots. The ability to detect model misspecifications in goodness-of-fit diagnostics was
evaluated using eta and epsilon shrinkages [30]. The robustness of the parameter estimated
from the final model was evaluated using nonparametric bootstrap (n = 1000). The visual
predictive checks (VPC) were performed using 1000 simulations. The 50th percentile of
the observed data was overlaid with the simulated 90% prediction interval to evaluate the
model’s predictive performance.

2.4. Simulations

Monte Carlo simulations were performed using the final model to evaluate three
different rivaroxaban doses, i.e., 10, 15, and 20 mg, once daily. Rivaroxaban exposures at a
steady state (i.e., peak concentration; CMAX, trough concentration; CMIN and 24 h area under
the concentration-time curve; AUC0–24) were calculated. The 5th and 95th percentile ranges
of CMAX (184–343 ng/mL), CMIN (12–137 ng/mL), and AUC0–24 (1860–5434 ng·h/mL)
reported in DOAC-eligible AF patients were used as the typical exposure ranges [19]. For
each subgroup of patients based on CrCl and body weight (i.e., 15–29, 30–49, 50–69, 70–89,
and 90–110 mL/min for CrCl and 15–29, 30–59, 60–89, and 90–119 kg for body weight),
1000 in silico patients were simulated. The percentage of patients with CMAX, CMIN, and
AUC0–24 values that were within the typical exposure ranges were calculated.

3. Results
3.1. Population Pharmacokinetic Analysis

A total of 240 Anti-Xa levels measured at peak and trough concentrations of rivarox-
aban were obtained from 60 Thai DOAC-eligible AF patients. The summary of patient
characteristics is presented in Table 1.

Table 1. Summary of patient characteristics (n = 60).

Characteristics Value

Male, n (%) 38 (63.3)
Age (y), mean (SD) 69.4 (9.2)
Body weight (kg), mean (SD) 64.0 (14.1)
Body mass index (kg/m2), median (Q1, Q3) 24.2 (21.5, 26.9)
Creatinine (mg/dL), mean (SD) 1.1 (0.3)
Creatinine clearance (mL/min), mean (SD) 59.0 (22.8)
CHADS2 score, median (Q1, Q3) 2 (1, 2)
CHA2 DS2-VASC score, median (Q1, Q3) 3 (2, 4)
HAS-BLED score, median (Q1, Q3) 2 (1, 2)

Underlying disease, n (%)
Hypertension 46 (76.7)
Dyslipidemia 35 (58.3)
Diabetes 16 (26.7)
Congestive heart failure 15 (25.0)
Ischemic heart disease 8 (13.3)
Ischemic stroke 7 (11.7)

Concomitant medications, n (%)
Dronedarone 3 (5.0)
Amiodarone 1 (1.7)
Aspirin 1 (1.7)
Clopidogrel 1 (1.7)
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The PK of rivaroxaban was described by a one-compartment model with first-order
absorption and first-order elimination. The estimation of CL/F was 4.19 L/h with IIV of
21.9%, V/F was 37.5 L, and ka was 0.697 h-1 with IIV of 75.9%. Parameter estimates from
the final model are presented in Table 2.

Table 2. Parameter estimates of rivaroxaban in Thai patients with non-valvular atrial fibrillation
obtained from the final model and bootstrap analysis.

Parameters Final Model (NONMEM) Bootstrap Analysis
(n = 1000 Samples)

Estimates a

[RSE%] 95% CI * Median b

[RSE%]
95% CI **

CL/F (L/h) 4.19 [3.8%] 3.88–4.50 4.21 [4.08] 3.88–4.55

V/F (L) 37.5 [4.7%] 34.03–40.97 37.59 [4.62%] 34.0–40.8

ka (h−1) 0.697 [10.7%] 0.550–0.844 0.699 [5.06%] 0.623–0.764

CrCl on CL/F c 0.277 [29%] 0.120–0.434 0.277 [35.2%] 0.054–0.480

WT on V/F d 0.412 [35.7%] 0.124–0.70 0.413 [28.1%] 0.149–0.639

IIV of CL/F (%CV) 21.94 [21.3%] 16.67–26.24 21.24 [14.7%] 14.8–27.5

IIV of ka (%CV) 75.91 [10.1%] 66.39–85.10 75.81 [1.08%] 74.1–78.1

RUV, additive (mg/L) 0.092 [11.7%] 0.071–0.114 0.0926 [9.44%] 0.064–0.131

Abbreviations; CL/F, apparent oral clearance; V/F, apparent volume of distribution; ka, absorption rate con-
stant; IIV, interindividual variability; RUV, residual unexplained variability; %CV, percent coefficient of vari-
ation; CI, confidence interval; SE, standard error; CrCl, creatinine clearance (mL/min); WT, body weight
(kg). a Population mean values was estimated by NONMEM. * 95%CI = estimated value ± (1.96 × SE).
b Median values was calculated from the non-parametric bootstrap results (n = 1000). ** 95%CI = 2.5th and 97.5th
percentiles of the bootstrap parameter estimates. c Calculated as; CL/F = 4.19 × (CrCl/57.5)0.277. d Calculated as;
V/F = 37.5 × (WT/63)0.412.

CrCl was a significant covariate for rivaroxaban CL/F (∆OFV = −9.96, p-Value < 0.01).
A power coefficient of 0.278 was used to define their association, showing that patients
with higher CrCl have higher rivaroxaban CL/F. Additionally, body weight was a signifi-
cant covariate for V/F (∆OFV = −7.33, p-Value < 0.01) with a power coefficient of 0.412,
indicating that patients with higher body weight have higher rivaroxaban V/F.

The goodness of fit plots showed that the final model adequately describes the data
(Figure 1). The simulation-based diagnostic of the final model showed an adequate predic-
tive performance (Figure 2). Eta shrinkage for CL/F (5.9%) and epsilon shrinkage (17.1%)
were <20%, indicating robust individual parameter estimates [30].

3.2. Simulations

Figures 3 and 4 show the simulated CMAX and CMIN for different dosage regimens,
stratified by CrCl and body weight. As body weight did not effect on the simulated
AUC0–24, the simulated AUC0–24 by CrCl was displayed (Figure 5). The percentage of
simulated patients with rivaroxaban exposures within the typical exposure ranges under
various scenarios is summarized in Figure 6. The CMAX, CMIN, and AUC0–24 values of
patients who received 20 mg of rivaroxaban once daily were greater than the typical
exposure ranges, particularly in those with CrCl less than 50 mL/min.
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Figure 1. Goodness-of-fits of the final population pharmacokinetic model of rivaroxaban. (A) Ob-
served rivaroxaban concentrations vs. population predictions, (B) observed rivaroxaban concentra-
tions vs. individually predicted concentrations, (C) conditionally weighted residual vs. time, and 
(D) conditionally weighted residual vs. population predictions. The open circles represent the ob-
served rivaroxaban concentrations. The solid black lines are the line of identity or zero-line. The 
dashed red lines are loess smooth lines (trend lines). 

Figure 1. Goodness-of-fits of the final population pharmacokinetic model of rivaroxaban. (A)
Observed rivaroxaban concentrations vs. population predictions, (B) observed rivaroxaban concen-
trations vs. individually predicted concentrations, (C) conditionally weighted residual vs. time,
and (D) conditionally weighted residual vs. population predictions. The open circles represent the
observed rivaroxaban concentrations. The solid black lines are the line of identity or zero-line. The
dashed red lines are loess smooth lines (trend lines).
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interval of the simulations (n = 1000). 
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of rivaroxaban. The open circles represent the observed rivaroxaban concentrations. Solid red line
represents the 50th percentile of the observations. The shaded area represents the 90% prediction
interval of the simulations (n = 1000).
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Figure 3. Simulated maximum concentration (CMAX) of rivaroxaban with different dosing regimens. 
The boxplots represent the predicted CMAX stratified by creatinine clearance and body weight. (A) 
rivaroxaban 10 mg once daily. (B) rivaroxaban 15 mg once daily. (C) rivaroxaban 20 mg once daily. 
The dashed lines represent the 5th and 95th percentile ranges of the typical CMAX (184–343 ng/mL) 
reported in patients with non-valvular atrial fibrillation receiving 20 mg of rivaroxaban [19]. 

Figure 3. Simulated maximum concentration (CMAX) of rivaroxaban with different dosing regimens.
The boxplots represent the predicted CMAX stratified by creatinine clearance and body weight. (A)
rivaroxaban 10 mg once daily. (B) rivaroxaban 15 mg once daily. (C) rivaroxaban 20 mg once daily.
The dashed lines represent the 5th and 95th percentile ranges of the typical CMAX (184–343 ng/mL)
reported in patients with non-valvular atrial fibrillation receiving 20 mg of rivaroxaban [19].
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Figure 5. Simulated AUC0–24 of rivaroxaban with different dosing regimens. The solid black lines 
represent the median AUC0–24 The shaded areas represent the 90% prediction interval of the model. 
The dashed lines represent the 5th and 95th percentile ranges of the typical AUC0–24 (1860–5434 
ng·h/mL) reported in patients with non-valvular atrial fibrillation receiving 20 mg of rivaroxaban 
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Figure 4. Simulated minimum concentration (CMIN) of rivaroxaban with different dosing regimens.
The boxplots represent the predicted CMIN stratified by creatinine clearance and body weight. (A)
rivaroxaban 10 mg once daily. (B) rivaroxaban 15 mg once daily. (C) rivaroxaban 20 mg once daily.
The dashed lines represent the 5th and 95th percentile ranges of the typical CMIN (12–137 ng/mL)
reported in patients with non-valvular atrial fibrillation receiving 20 mg of rivaroxaban [19].
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In comparison to the other dosing groups, the dosage of 10 mg once daily had the
highest proportion of patients with CMAX, CMIN, and AUC0–24 values within the typical
exposure ranges for patients with CrCl between 15–29 and 30–49 mL/min, regardless of
body weight. The proportion of patients with CMAX, CMIN, and AUC0–24 within the typical
exposure ranges was greater for patients with CrCl 50–69, 70–89, and 90–110 mL/min who
took 15 mg once a day, regardless of body weight.

4. Discussion

Because of differences in patient characteristics, the Japanese patients had greater
rivaroxaban concentrations when treated with the approved dosage [23,24]. The renal
function of Asian patients with AF, as measured by CrCl, was lower than that of Cau-
casians [31,32]. As a result, it is likely that a lower dose of rivaroxaban gives enough
exposure for Asians [23,24,33,34], reducing the risk of bleeding [5,35]. However, the PK
data needed to optimize doses in Thai and Asian populations is scarce. Additionally, the
high cost of rivaroxaban restricts access to therapy in resource-limited settings, including
Thailand. Due to concerns about the risk of bleeding and cost, a lower dosage of DOACs
has been prescribed for Thai patients [36]. Thus, the optimal low dose of rivaroxaban
provided by this study could make rivaroxaban more accessible and safer for Thai patients.
The current study developed a population PK model of rivaroxaban in Thai DOAC-eligible
AF patients. To find the optimal dose of rivaroxaban, simulations were performed to predict
drug exposure depending on significant covariates.

The rivaroxaban PK in Thai DOAC-eligible AF patients was adequately described
by a one-compartment model with first-order absorption and elimination, consistent with
previous studies in AF patients [20,23,24,33,34,37]. The estimation of CL/F (4.19 L/h) in
Thai DOAC-eligible AF patients was slightly lower than that reported in other ethnicities,
including Caucasians (5.58–6.10 L/h) [20,37]. When compared to other Asian populations,
the CL/F in this study is comparable to Japanese (4.72–4.73 L/h) [23,24] but lower than
Chinese (5.03–7.39 L/h) [33,34,38]. The estimated V/F (37.5 L) was lower than that reported
in other studies (40.3–79.7 L) [23,24,33,34,37]. The discrepancies in PK values between
ethnic groups might be attributable to variability in patient characteristics. Due to the small
number of samples collected during the distribution phase, we were unable to determine
the IIV of the V/F. The parameterized ka using a frequentist prior approach was 0.697 h−1,
which is closed to the value (0.600–0.617 h−1) reported in Japanese [23,24].

In the covariate analysis, the final model revealed that CL/F and V/F of rivaroxaban
increase by increasing CrCl and body weight, respectively. Several previous studies showed
the significant effect of CrCl on rivaroxaban CL/F [20,24,34,39–42], thus, our finding
confirmed this relationship. Because rivaroxaban is partly excreted through the kidneys,
reduced renal function results in lower drug clearance [19]. The Cockcroft–Gault equation,
which is preferably used to determine the renal function and is expressed as CrCl, is
indicative of rivaroxaban dose adjustment [1,19].

Age, gender, or body weight had no influence on rivaroxaban CL/F. These results
are consistent with earlier findings showing that the CMAX of rivaroxaban was unaltered
in patients with high body mass but increased by 24% in those with severely low body
mass (50 kg), resulting in a prolonged prothrombin time [43]. A prior study indicated that
elderly patients were exposed to 41 percent more rivaroxaban than young subjects [44].
However, the increasing exposure with age was mostly attributable to a lower clearance as
a result of decreased renal function [37,44]. Moreover, these factors are employed in the
Cockcroft-Gault equation to determine CrCl.

It has been determined that body size (i.e., lean body mass and body surface area) in-
fluences the PK characteristics of rivaroxaban [20,34,37,39]. One research involving healthy
volunteers demonstrated that BMI influences the V/F of rivaroxaban [38]. Moreover, the
results from previous studies showing that CrCl was the significant covariate influenc-
ing rivaroxaban CL/F, whereas other body size measurements alone were not found to
significantly impact rivaroxaban CL/F [40,41]. In our study, BMI was not detected as a

264



Pharmaceutics 2022, 14, 1744

significant covariate for either V/F or CL/F (p > 0.05) during covariate analysis. However,
body weight was a significant covariate for V/F (p < 0.01) with an improvement in the
goodness of fit. In clinical practice, body weight is more readily available than other weight
measurements. Thus, using body weight as a measurement of body size would be more
practical.

In our analysis, the IIV of V/F could not be estimated from the data; thus, the V/F was
estimated without its IIV. Although the impact of body weight in explaining part of the IIV
of V/F cannot be determined, weight was kept in the final model as a significant covariate
on V/F as it showed a significantly decreased OFV and improved the overall model fit.

Rivaroxaban exposure has been associated with clinical outcomes and may aid in
predicting the benefit–risk profile [13,16]. Peak Anti-Xa concentrations have been linked
to bleeding complications [8–10], whereas trough concentrations have been related to the
occurrence of thromboembolic events [11,12].

Based on the results from simulations, it was shown that the use of the approved
dose in the Thai population resulted in higher rivaroxaban exposures. For patients with
normal renal function (CrCl ≥ 50 mL/min) irrespective of body weight, a reduced dose
of 15 mg resulted in a high proportion of patients having rivaroxaban exposure within
the typical exposure ranges. This reduced dose is considered more appropriate for Thai
DOAC-eligible AF patients with normal renal function, which supports the results from
population PK studies in Asian patients, including Japanese [23,24] and Chinese [33,34].

Patients with renal impairment had a decrease in the CL/F, leading to increased
rivaroxaban exposure [19]. Based on the simulation results, the CMAX, CMIN, and AUC0–24
were higher in patients with lower CrCl, which are in line with previous findings [20,37].
Our simulation results showed that the predicted CMAX was decreased with increasing
body weight in the same CrCl range group. In contrast, individuals with higher body
weight are more likely to have a higher predicted CMIN within the same group of CrCl
patients, which may be owing to an increase in V/F as body weight increases, resulting in a
decrease in the elimination rate constant (ke). Similar trends in CMAX and CMIN alterations
were seen in Chinese patients in a prior investigation [34].

A previous study, which looked at a wider range of CrCl (i.e., 15–29, 30–69, 70–159,
and 160–250 mL/min) than the phase III clinical trial, showed that for individuals with
CrCl of 15–29 mL/min, the dosage should be lowered from 15 to 10 mg [45]. Although
rivaroxaban dosing has not been proven for patients with CrCl 15–29 mL/min [1], a dose
reduction may be warranted for people in this group who require this medication. The
results from our study suggested a daily dose of 10 mg for Thai DOAC-eligible AF patients
with CrCl 15–29 mL/min, regardless of body weight. This recommendation is consistent
with the dosage indicated for this population in previous research [45].

The previous integrated PK/PD study of rivaroxaban in Chinese patients suggested
that the median peak Anti-Xa level at a dose of 10 mg was within the expected range for
patients with CrCL 30–49 mL/min but not at a dose of 15 mg [38]. As a result, dosage
modification based on body weight is unnecessary [38]. Results from our simulations
confirmed a lower rivaroxaban dose of 10 mg should be appropriate for patients with
poor renal function (CrCl of 30–49 mL/min) regardless of body weight. In summary, for
patients with renal impairment, CrCL < 50 mL/min, a daily dose of 10 mg of rivaroxaban
is recommended.

In this investigation, rivaroxaban concentrations were determined indirectly using
commercially available Anti-Xa assays (BIOPHENTM Heparin LRT) with validated spe-
cific rivaroxaban calibrators. Despite the fact that liquid chromatography with tandem
mass spectrometry (LC-MS/MS) is the gold standard approach for direct detection of
rivaroxaban plasma concentrations [46], it is time-consuming, technically demanding,
and not always available. The technique comparison research revealed a correlation be-
tween the BIOPHENTM Heparin LRT and LC-MS/MS test at all rivaroxaban concentrations
(r2 = 0.97) [47]. Thus, Anti-Xa tests can be used to detect rivaroxaban levels indirectly in
clinical practice.
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This study has some limitations. First, data during the absorption phase were limited.
Thus, the prior method was used to estimate ka and its variability, which indicated the
reliability of parameter estimates. Second, the number of patients concomitantly receiv-
ing inducers and inhibitors of CYP3A4 and/or P-glycoprotein was small, so the effect of
the drug-drug interactions [19,20,48] could not be evaluated. Third, we did not explore
other covariates (i.e., genetic polymorphisms, hepatic impairment) which can cause PK
variability of rivaroxaban [34,42,49,50]. A previous study revealed that mild hepatic im-
pairment decreased drug clearance and increased drug exposure, resulting in a prolonged
prothrombin time [50]. Patients with moderate or severe hepatic impairment (Child-Pugh
B and C) should thus avoid using rivaroxaban. Although a prior study determined that
total bilirubin was a significant covariate for baseline prothrombin time, its effect on the
PK of rivaroxaban was not identified [33,34]. Due to a lack of data, the effect of hepatic
function was not explored in our study. Considering the aforementioned factors, further
research should be undertaken.

Fourth, the typical exposure ranges of rivaroxaban were established from prior re-
search on patients with non-valvular AF [19]. As the therapeutic window associated with
the risk-benefit profile of rivaroxaban is unknown, the optimal dosage recommended in
this study is the dose that provides equivalent rivaroxaban exposure to the typical exposure
ranges, which may not be the clinically optimal dose. Finally, the impact of a reduced dose
on clinical outcomes was not investigated in this study. Several previous studies found that
low-dose rivaroxaban, compared to warfarin, was associated with a lower risk of stroke or
systemic embolism and major bleeding [5,35,51,52]. However, there is evidence of a higher
risk of ischemic stroke without a lower risk of bleeding when a lower dose of rivaroxaban
was given to Asian patients [53]. Further investigations are needed to determine the clinical
relevance of low-dose rivaroxaban regarding effectiveness for stroke prevention and safety.

5. Conclusions

In conclusion, a population PK model of rivaroxaban PK in Thai DOAC-eligible AF
patients confirmed the effect of renal function on CL/F and the effect of body weight
on V/F. Simulations suggested that low-dose rivaroxaban may be more appropriate for
Thai patients, and dosages of rivaroxaban depending on renal function were proposed for
Thai patients. A daily 10 mg dose was proposed for Thai DOAC-eligible AF patients with
CrCl < 50 mL/min, regardless of body weight. For Thai DOAC-eligible AF patients with
CrCl ≥ 50 mL/min, a daily dose of 15 mg was recommended.
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Abstract: Omeprazole is commonly prescribed to obese patients and patients after laparoscopic
sleeve gastrectomy (LSG). The pharmacokinetics of oral omeprazole after LSG are still unknown.
Therefore, the aim of this study was to investigate the pharmacokinetics of oral omeprazole in obese
patients before and after LSG. A total of 331 blood samples were collected from 62 obese patients
preoperatively (visit 1) followed by 41 patients 7 days post-LSG (visit 2) and 20 patients 1 month post-
LSG (visit 3). Population pharmacokinetic analysis was performed using NONMEM to characterize
the effect of LSG on omeprazole absorption and disposition. A one-compartment model with
12 transit absorption compartments and linear elimination successfully described the data. Compared
with pre-surgery, the oral omeprazole time to maximum plasma concentration (Tmax) was reduced
and maximum plasma concentration (Cmax) was higher, but the apparent clearance (CL/F) and area
under the plasma concentration–time curve (AUC) were unchanged 7 days and 1 month after surgery.
In addition, the CYP2C19 genotype and liver function exhibited a significant influence on omeprazole
CL/F. LSG increased the rate of omeprazole absorption but did not affect omeprazole exposure. A
dose of 20 mg omeprazole once daily may be adequate for relieving gastrointestinal tract discomfort
at short-term follow-up post-LSG.

Keywords: laparoscopic sleeve gastrectomy; omeprazole; population pharmacokinetic; modeling
and simulation; obesity

1. Introduction

Obesity is defined as a body mass index (BMI) ≥ 30 kg/m2, and it has become a
global public health concern [1]. Obesity is considered to be a strong risk factor for various
diseases, such as type 2 diabetes, hyperlipidemia, hypertension, nonalcoholic fatty liver
disease, and sleep apnea syndrome [2], thereby leading to a decreased life quality and
average life expectancy [3]. For most patients with severe obesity, the effects of nonsurgical
treatments, such as reducing food intake, increasing physical activity, and drug therapy, are
still limited and reversible [4]. To achieve sustained weight loss and improve obesity-related
comorbidities, bariatric surgery is undoubtedly the most effective treatment option [5,6].

Currently, laparoscopic sleeve gastrectomy (LSG) is the most popular bariatric surgery
worldwide, followed by Roux-en-Y gastric bypass (RYGB) [7]. LSG is well accepted as
a restrictive procedure that mainly reduces the gastric volume, leaving only a smaller
tube-shaped gastric pouch [8]. RYGB involves creating a small gastric pouch and bypassing
the duodenum and proximal jejunum, which combines both restrictive and malabsorptive
features [8]. Compared with RYGB, LSG is less invasive and has fewer complications [9].
However, due to the removal of most of the stomach fundus and body, intragastric pressure
increases, and gastric compliance decreases post-LSG [10]. As a consequence, the majority
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of patients suffer from gastrointestinal symptoms such as pantothenic acid, nausea, sore
throat, chest pain, and epigastric pain [10]. Since proton pump inhibitors (PPIs) can
reduce gastric acid secretion and protect the gastric wall barrier, obese patients undergoing
bariatric surgery are instructed to take PPIs for several months to relieve these symptoms
and prevent gastric ulcers [11–13].

Omeprazole, a first-generation PPI, is widely used for the prevention and treatment of
acid-related disorders such as gastric and duodenal ulcers, gastroesophageal reflux disease,
and Zollinger–Ellison syndrome [14]. Given its instability in an acidic environment, oral
forms of omeprazole are usually formulated as enteric-coated preparations to prevent their
early degradation in the stomach [15], e.g., as enteric-coated capsules. A previous study
reported that the majority of RYGB patients receiving 40 mg of omeprazole daily to prevent
gastric ulcers continued to have peptic injuries 2 months after surgery [11], suggesting
that the dose was not sufficient to achieve a serum level that could effectively block the
production of hydrochloric acid. Furthermore, it has been well established that LSG can
increase gastric pH, accelerate gastric emptying, and reduce small intestinal transit time,
etc. [16–18]; therefore, drug absorption and disposition might be altered after LSG surgery.
However, currently, there is a research gap regarding the pharmacokinetic (PK) properties
of omeprazole after LSG and, consequently, regarding its effectiveness in blocking acid
secretion; hence, it is crucial to investigate the influence of LSG on omeprazole PK to
recommend an appropriate omeprazole dose for patients undergoing LSG.

In this study, we prospectively collected data from 62 obese patients before surgery
(visit 1), 41 patients 7 days post-LSG (visit 2), and 20 patients 1 month after LSG (visit 3).
For this, a population PK model was established to evaluate the effect of LSG on the PK
profile of omeprazole.

2. Materials and Methods
2.1. Study Population

We designed a prospective clinical trial to recruit obese patients who were potential
candidates for LSG (BMI ≥ 30 kg/m2). Participants with normal liver function or mild
liver dysfunction were included. Mild liver dysfunction was defined as a total bilirubin
(TBIL) level > 1–1.5 fold the upper limit of normal (ULN) or alanine aminotransferase
(ALT) level > ULN or aspartate aminotransferase (AST) level > ULN [19], and the ULN
was defined as 20.5 µmol/L, 40 U/L and 35 U/L for TBIL, ALT, and AST according to
our laboratory standards. In addition, participants were excluded if they were known to
have used CYP2C19 or CYP3A4 inhibitors and inducers over a period of three visits or
were allergic to omeprazole. Before inclusion, all patients signed written informed consent.
This study was performed at the Third Xiangya Hospital of Central South University after
obtaining approval by the Ethics Committee and registered at the China Clinical Trial
Registration Center with the identifier ChiCTR2100046578. All subjects were genotyped
for CYP2C19 *2 (rs4244285), *3 (rs4986893), and *17 (rs12248560) using PCR-Fluorescence
Probing [20] and were classified based on the updated Clinical Pharmacogenetics Imple-
mentation Consortium (CPIC) guidelines [21].

2.2. Study Design and Analytical Assay

Obese patients received a single 20 mg oral dose of omeprazole enteric-coated capsules
under fasting conditions 2–3 days before surgery. Subsequently, 20 mg omeprazole was
orally administered once daily to relieve gastrointestinal symptoms from the 7th day after
LSG to 1 month after LSG. Consequently, this PK study was performed three times: after
a single dose before surgery (visit 1), after a single dose 7 days post-LSG (visit 2), and
after a repeated dose 1 month post-LSG (visit 3). Blood samples were obtained at approx-
imately 1, 2, 4, 6, 8, and 9 h after omeprazole intake. The majority of patients had three
blood samples collected before surgery, three collected 7 days after LSG and two collected
1 month post-LSG. Blood samples were centrifuged for 10 min at 4 ◦C at 2500× g, after
which plasma was stored at −80 ◦C until analysis. Plasma samples were analyzed using a
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validated liquid chromatogram tandem mass spectrometry method [20]. The lower limit
of quantification of this assay was 1 ng/mL, and the upper limit of quantification was
2000 ng/mL. The quality control samples demonstrated that the intra-day and inter-days
coefficients of variation were less than 10%.

2.3. Structural PK Model

A nonlinear mixed effects modeling program NONMEM (version 7.5; Icon Develop-
ment Solutions, Ellicott City, MD, USA) was used to perform the population PK analysis,
and R (version 4.2, http://www.r-project.org/, accessed on 6 January 2022) was used to
visualize the data. The first-order conditional estimation method with inter- and intra-
individual interactions (FOCE-I) was used throughout the model-building procedure.
Different structural and statistical models were distinguished by means of comparing the
objective function value (OFV). A p-value below 0.05, representing a reduction of 3.84 in
the OFV, was considered statistically significant. Furthermore, goodness-of-fit (GOF) plots
and visual predictive check (VPC) were used for diagnostic purposes [22]. Moreover, the
accuracy and precision of the parameter estimates were used to assess the model. Sampling
importance resampling (SIR) approach using 1000 replicates was used to obtain the 95%
confidence intervals and to evaluate the robustness of the population PK model [23].

Initially, we tested one-compartment and two-compartment models. The delay in
release of omeprazole enteric-coated capsules was captured by testing several transit
compartment models. The time course of omeprazole concentrations was eventually
modeled using a one-compartment model with 12 transit absorption compartments, which
was consistent with our previous work [20]. The model was parameterized in terms of
mean transit time (MTT) which represented the average time from oral administration
of the drug to its appearance at the sampling point [24], apparent clearance (CL/F), and
apparent volume of distribution (Vd/F). The inter-individual variability and inter-occasion
variability (IOV) for the PK model parameters were modeled using an exponential model.
A proportional residual error model was used to account for intra-individual variability.
We have attached the NONMEM code as supplemental material.

2.4. Selection of Covariates

For evaluating potential relationships, covariates were plotted independently against
the individual estimates of PK parameters. The following covariates were explored: visits,
CYP2C19 genotype, liver function (normal liver function and mild liver dysfunction),
sex, total body weight (TBW), age, lean body weight (LBW, based on the Janmahasatian
formula [25]), ideal body weight (IBW, based on the Devine formula [26]), and adjusted
body weight (ABW, based on a criterion defined by Schwartz [27]).

Continuous covariates, such as age, and TBW, were evaluated using a power function
model, as presented in Equation (1).

Pi = θp ∗
(

Cov
Covmedian

)θcov

∗ eηj (1)

where Pi and θp represent the individual and typical population estimates, respectively;
Covmedian is the median value for the covariate except that TBW was normalized to 70 kg;
θcov is the estimated influential factor for the covariate; ηj is the random effect that describes
the difference of the jth subject from the typical population value.

Categorical variables, such as visits and the CYP2C19 genotype, were assessed as
follows (take visits as an example):

Pi = θp ∗ eηj (2)

IF(Visit.EQ.2) Pi = θ1 ∗ Pi (3)

IF(Visit.EQ.3) Pi = θ2 ∗ Pi (4)
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where θp is the typical value for obese patients before surgery, namely, at visit 1; θ1 repre-
sents the numerical differences between visit 1 and visit 2 (7 days post-LSG); θ2 represents
the numerical differences between visit 1 and visit 3 (1 month post-LSG).

During forward inclusion, covariates that decreased the OFV by >3.84 (1 df, p < 0.05)
were retained for the further multivariable analysis. Afterwards, these covariates could
be kept only if removal of the covariates increased the OFV by >10.83 (1 df, p < 0.001). In
addition, a reduction in inter-subject variability was also evaluated for a given parameter.
The selection of the covariate model was further assessed as discussed above (see structural
PK model section).

2.5. Monte Carlo Simulations

The final population PK model was used to simulate the omeprazole concentration
profiles at a single dose of 20 mg omeprazole before and 7 days after surgery and at a
repeated dose 1 month after surgery. The Friedman nonparametric paired test was used to
compare the values of Tmax (time to maximum plasma concentration) and Cmax (maximum
plasma concentration) obtained during the three visits. These secondary parameters on two
occasions (visit 2 vs. visit 1 and visit 3 vs. visit 1) were then compared using the Wilcoxon
nonparametric paired test.

3. Results
3.1. Subjects and Data

In total, 62 patients with obesity were included pre-surgery, with a median BMI of
40.3 kg/m2 (range 30–72.8 kg/m2). Of the 62 patients tested at visit 1, 41 completed the PK
study 7 days post-LSG (visit 2), and 20 completed the PK study 1 month post-LSG (visit 3).
Table 1 shows the demographic and clinical characteristics of the included patients during
the three visits. DNA samples from 62 volunteers were genotyped, and we identified
26 normal metabolizers (NMs), 27 intermediate metabolizers (IMs), and 9 poor metabolizers
(PMs) according to the CPIC guidelines. A total of 331 concentration–time points were
obtained for the population PK analysis: 190 concentrations at visit 1; 101 concentrations at
visit 2; 40 concentrations at visit 3.

Table 1. Demographic and clinical characteristics of study population.

Baseline Characteristics Pre-Surgery
(n = 62)

7 Days Post-LSG
(n = 41)

1 Month Post-LSG
(n = 20)

No. (%) of participants by sex
Female 43 (69%) 29 (71%) 16 (80%)
Male 19 (31%) 12 (29%) 4 (20%)
No. (%) of participants by CYP2C19 genotype
Normal metabolizers (NMs) 26 (42%) 17 (41.5%) 4 (20%)
Intermediate metabolizers (IMs) 27 (43.5%) 18 (44%) 12 (60%)
Poor metabolizers (PMs) 9 (14.5%) 6 (14.5%) 4 (20%)
Median (Q1~Q3) values for:
Age (year) 31 (27~35) 28 (25~33) 28 (23~33)
Weight (kg) 110.8 (91~127) 114.6 (90.7~124.6) * 96.2 (82.7~105.8)
Height (cm) 162.5 (158.6~167.5) 163 (158.5~169) 160.5 (158.1~166.4)
BMI (kg/m2) 40.3 (35~46) 41.2 (34.6~45.2) * 36.1 (31.7~39.5)
LBW (kg) 55.1 (48.9~69.6) 55.3 (47~68.5) * 50.9 (46~54)
IBW (kg) 54.8 (50.9~60.6) 54.8 (50.8~63) 52.7 (50.5~58.3)
ABW (kg) 78.5 (68.8~89.2) 79.2 (65.5~84.6) * 71.7 (64.4~76)
No. (%) of participants by liver function
Normal liver function 27 (43.5%) 6 (14.6%) 7 (35%)
Mild liver dysfunction 35 (56.5%) 35 (85.4%) 13 (65%)

BMI, body mass index; LBW, lean body weight; IBW, ideal body weight; ABW, adjusted body weight. * p < 0.001
from a Wilcoxon nonparametric paired test (visit 3 vs. visit 1) in obese subjects who completed both visit 1 and
visit 3 (n = 20).
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3.2. Population PK Modeling

Based on the data, a one-compartment model with 12 transit absorption compartments
and linear elimination was identified in which visits proved a significant covariate for MTT,
and the CYP2C19 genotype and liver function exhibited a remarkable effect on CL/F. In
addition, the data did not support estimates of inter-individual variability in Vd/F and
setting the variance of this random effect to zero did not influence the OFV.

Implementation of the visits on MTT led to a 131.5 point (p < 0.001) reduction in
OFV, and a shorter MTT was observed 7 days and 1 month post-LSG compared with
preoperatively. No significant trend was found for visits and CL/F (p = 0.075), although
omeprazole plasma concentrations reached a steady-state 1 month after surgery compared
with a single omeprazole dose before surgery and 7 days post-LSG. However, IOV had a
significant effect on CL/F, decreasing residual variability from 45.6% to 41.8%. Moreover,
CYP2C19 IMs and PMs showed a lower CL/F relative to NMs (∆OFV −21; p < 0.001).
Individuals with mild liver dysfunction exhibited a lower CL/F than normal liver function
(∆OFV −5.35; p = 0.021). All three covariates fulfilled the criteria of the backward analysis
(p < 0.001). No significant influence of other covariates (e.g., age, sex, TBW, LBW, ABW,
IBW, and BMI) on any of the PK parameters was found.

The typical MTT population values at pre-surgery, 7 days post-LSG, and 1 month
post-LSG were estimated at 1.9, 0.5, and 0.9 h, respectively. The typical CL/F population
value of CYP2C19 NMs with normal liver function was 16.7 L/h. The CL/F population
values of CYP2C19 IMs and PMs were 0.8 and 0.34 times that of NMs, respectively. The
CL/F population values of subjects with mild liver dysfunction was 0.6 times that of normal
liver function. The Vd/F was estimated at 22.1 L. The population PK parameter estimates
in the final model are shown in Table 2.

Goodness-of-fit plots demonstrated that the final model appropriately described the
observed data (Figure 1). Individual concentration–time curves of omeprazole at three visits
were provided in the Supplementary Materials (Figure S1). The prediction-corrected VPC
generally reflected a good agreement between the observations and simulations (Figure 2),
indicating that the model adequately described the PK. In addition, all parameters estimates
of final model fell near the median and within the 95% confidence interval of the SIR results
(Table 2).

According to simulations, an important variability in Tmax and Cmax was observed be-
fore and after surgery (Table 3). LSG significantly affected the absorption rate of omeprazole,
in which a reduced Tmax and increased Cmax were found 7 days and 1 month after surgery.
However, omeprazole’s CL/F and AUC (area under the plasma concentration–time curve)
were not different prior to surgery and post-LSG.
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4. Discussion

Herein, we report the first study to investigate the PK profile of omeprazole in patients
with obesity undergoing LSG. Using population PK modeling, we found the omeprazole
absorption rate increased 7 days and 1 month after LSG, but the CL/F and exposure
were unchanged. In addition, the influence of CYP2C19 genotype and liver function
on omeprazole CL/F were observed, which was consistent with previously published
studies [20,21].

Oral dosage forms of omeprazole are usually formulated as enteric-coated capsules or
tablets. Under normal physiological conditions, after passing through the acidic environ-
ment in the stomach, the enteric coating dissolves and omeprazole is absorbed. After sleeve
gastrectomy surgery, the enteric coating will dissolve faster due to the increase in gastric pH
caused by the decrease of acid-producing gastric parietal cells. In addition, given that the
gastric volume is greatly reduced, gastric emptying is accelerated, and the residence time of
omeprazole in the stomach is shorter; hence it will reach the small intestine sooner, and the
absorption can be completed in a shorter time after surgery. This could be observed from a
significantly shorter Tmax postoperatively (Table 3 and Figure 3). As there was no statistical
difference in BMI between visit 1 and visit 2, the higher Cmax was presumably caused by
the faster absorption of omeprazole after LSG. Our results were also similar to other drug
PK studies performed in obese patients undergoing LSG, showing a reduced Tmax and
increased Cmax in operated patients compared with nonoperated individuals [9,28].
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No effect of weight-derived indicators (e.g., TBW, LBW, and BMI) and visits on CL/F
were found. Our previous work confirmed that omeprazole CL/F was decreased in
obese adults versus normal-weight adults and speculated that CYP2C19 metabolic enzyme
activity might be decreased in obese individuals caused by a low-grade inflammation
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state [20]. A recent research suggested that CYP2C19 activity is lower in patients with
obesity versus nonobese controls and increased following RYGB-induced weight loss
by measuring the plasma (3 h) 5-hydroxyomeprazole (5-OH-omeprazole)/omeprazole
ratio [29]. These results indicated that the relationship between body weight and drug
clearance is not always a simple allometric scaling in obese individuals. Interestingly,
although we preformed PK sampling at a single dose before and 7 days after surgery
and at repeat 1 month after surgery, we did not observe a difference in omeprazole CL/F
between the three visits. Previous work suggested a significantly higher AUC and Cmax
after repeated omeprazole dosing in NMs but not in PMs [30,31]. This may provide some
basis for explaining the unchanged clearance of omeprazole after single and multiple
dosing in obese patients. As omeprazole is the inhibitor of the CYP2C19 metabolic enzyme,
this leads to a decrease in first-pass effect in NMs due to auto-inhibition of CYP2C19 after
repeated intake [31,32]. However, the CYP2C19 metabolic enzyme activity decreased in
patients with obesity, and the auto-inhibition of CYP2C19 may be limited (similar to PMs);
therefore, a comparable exposure was observed after single or repeated doses.

The CYP2C19 genotype was identified as a significant covariate for omeprazole CL/F,
and a lower CL/F and higher AUC were observed in CYP2C19 IMs and PMs versus
CYP2C19 NMs. Moreover, the CL/F was also found to decrease in patients with mild
liver dysfunction. These results were reflected in PK parameters and concentration versus
time curves obtained based on simulations (Table 3 and Figure 3). It has previously been
established that the degree of acid inhibition by omeprazole was related to AUC [33,34].
However, there is no clear lower limit of efficacy at present. In the current analysis, the
CL/F of omeprazole is not altered after short-term follow-up post-surgery. Furthermore, no
heartburn, pantothenic acid, or other gastrointestinal symptoms were reported in patients
followed up 1 month after surgery. Based on previous work, obese adults had a lower
omeprazole CL/F and a higher AUC than normal adults [20]. Consequently, a 20 mg
omeprazole dose daily may be adequate for obese patients undergoing LSG to relieve
short-term gastrointestinal tract discomfort postoperatively.

There were some strengths and limitations in the current research. Firstly, our study
had a relatively large study population, and the study design of repeated measures enabled
obese subjects to act as their own control to minimize preoperative and postoperative
variability. Secondly, omeprazole PK was not affected by interacting medication as we
applied a specific exclusion criteria. A possible limitation was that the majority of obese
patients included in the current analysis were female, but we did not observe a gender
effect during model development, which was consistent with previous studies [35,36]. In
addition, as the COVID-19 epidemic made it challenging to travel across provinces, quite
a number of subjects could not participate in the PK follow up at visit 3. The changes in
constituent ratio of CYP2C19 genotype at three visits may affect model stability; however,
no statistical difference in constituent ratio of CYP2C19 genotype was observed among
three visits using Fisher’s exact test (p = 0.471). Moreover, the estimated clearance ratios
(CYP2C19 IMs: NMs or CYP2C19 PMs: NMs) were also similar to those reported in the
literature [31]. Furthermore, the PK profile of omeprazole at 6–8 months after LSG was not
studied in patients underwent LSG due to the difficulty of follow-up during the epidemic
period. Therefore, the effect of significant weight loss in the middle postoperative period
on the PK of omeprazole is still unclear. Previous studies have reported that significant
weight loss postoperatively can reverse the decrease in CYP3A4 activity in obese patients
and restore the enzyme activity to the same level as that of normal-weight individuals [37].
In addition, a recent study reported that the CYP2C19 activity increases with weight loss in
obese patients after RYGB treatment. Therefore, the clearance of the CYP2C19 substrate
in LSG patients may return to normal after notable weight loss, which deserves further
investigation. Overall, the current study is innovative and of clinical significance, providing
a specific reference for the postoperative use of omeprazole in LSG patients.
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5. Conclusions

This study adequately characterized the effect of LSG on omeprazole PK in patients
with obesity using nonlinear mixed-effect modeling. Our study showed faster absorption
of omeprazole after LSG, but the CL/F and exposure were not different 7 days and 1 month
after LSG compared with pre-surgery. We propose the use of 20 mg omeprazole once daily
to relieve short-term discomfort symptoms of gastrointestinal tract postoperatively.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14101986/s1, Figure S1: Individiual concentration-
time curves of omeprazole in obese patients at three visits. Blue dots repesent observed concentrations,
and grey and black lines repesent population predictions and individual predictions, respectively.
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Abstract: Dapagliflozin, a selective sodium–glucose co-transporter-2 inhibitor, and linagliptin, a
competitive, reversible dipeptidyl peptidase-4 inhibitor, are commonly prescribed antidiabetic medi-
cations in general clinics. Since there are several merits to combining them in a fixed-dose combination
product, this study investigated the pharmacokinetic equivalence between the individual component
(IC) and fixed-combination drug product (FCDP) forms of dapagliflozin and linagliptin. A random-
ized, open-label, single-dose crossover study was conducted. All participants (n = 48) were randomly
allocated to group A (period 1: ICs, period 2: FCDP) or group B (period 1: FCDP, period 2: ICs), and
each group received either a single dose of IN-C009 (FCDP) or single doses of both dapagliflozin
and linagliptin. There was no statistically significant difference found between the pharmacokinetic
variables of FCDP and IC. The values of estimated geometric mean ratios and the 90% confidence
interval for both maximum concentration and area under the plasma drug concentration–time curve
were within the range of 0.8–1.25 for both dapagliflozin and linagliptin. The results of the clinical
study demonstrated comparable pharmacokinetic characteristics between IC and FCDP forms of da-
pagliflozin and linagliptin. The combined use of dapagliflozin and linagliptin was safe and tolerable
in both formulations.

Keywords: dapagliflozin; linagliptin; fixed-dose combination products; bioequivalence

1. Introduction

Dapagliflozin and linagliptin are commonly used medications for the treatment of
type-2 diabetes mellitus (T2DM) [1–3]. Dapagliflozin acts by selectively inhibiting sodium–
glucose co-transporter-2 (SGLT-2) protein in the kidneys, thereby reducing renal glucose
reabsorption and increasing the glucose excretion via urine [3,4]. Dapagliflozin is absorbed
rapidly and reaches a maximum concentration (Cmax) within 2 h. It has a half-life (t1/2) of
8.1–12.2 h, and approximately 65% of dapagliflozin is metabolized by uridine diphosphate
glucuronosyltransferase 1A9 [1,5]. Due to its insulin-independent effects, dapagliflozin is
used in combination with several other classes of antidiabetic medications [6–9].

Linagliptin is a competitive, reversible dipeptidyl peptidase (DPP)-4 inhibitor that
increases the levels of active glucagon-like peptide-1 (GLP-1) [10]. GLP-1, an incretin
hormone secreted by the small intestine, regulates blood glucose levels by stimulating
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glucose-dependent postprandial insulin secretion and inhibiting glucagon secretion. Be-
cause it is rapidly degraded by DPP-4, the use of DPP-4 inhibitors eventually increases
the GLP-1 levels and prevents high blood glucose levels [11–13]. The Cmax of linagliptin is
reached within approximately 90 min, and a steady-state level is reached within 4 days at a
therapeutic dose (5 mg) [12]. Linagliptin is a known substrate for the cytochrome P450 3A4
enzyme and P-glycoprotein (P-gp) in humans, and its oral bioavailability is approximately
30% [12].

The combined use of dapagliflozin and linagliptin for managing T2DM is reasonable
and attractive because of their different but complementary mechanisms of action and
separate paths of degradation (i.e., metabolism), thereby avoiding possible drug interac-
tions, which is important for harnessing drug pharmacodynamics and reducing the risk of
unexpected adverse events [14–17]. Compared with a DPP-4 inhibitor, the combined use of
SGLT-2 inhibitor and DPP-4 inhibitor is significantly associated with a decrease in glycemic
control, body weight, and systolic blood pressure, and their advantages have already been
proven for both initial combination and stepwise approaches [14,15]. However, the FCDP
for dapagliflozin and linagliptin have not yet been tested.

Therefore, this study aimed to evaluate the pharmacokinetics and safety of the fixed-
combination drug products (FCDPs) of dapagliflozin (10 mg) and linagliptin (5 mg), which
were developed to reduce the burden of requiring multiple tablets and thus increasing
compliance in healthy participants [18].

2. Materials and Methods

Sixty-three healthy male volunteers (age, 19–45 years; body weight > 50 kg) agreed to
participate in the study and signed a written informed consent form. Only male partici-
pants were recruited to avoid the potential risk of pregnancy [19]. The participants were
considered healthy after a detailed physical examination by physicians involving 12-lead
electrocardiographs (ECG), vital sign assessments, and laboratory evaluations, including
blood chemistry, hematology, and urinalysis. The exclusion criteria were a history or
evidence of hepatic, renal, gastrointestinal, or hematological abnormalities; hepatitis B,
hepatitis C, syphilis, or HIV infection; a history of hypersensitivity to dapagliflozin and/or
linagliptin; clinically significant allergic disease; alcohol or drug abuse; heavy smoking
(more than 10 cigarettes per day); and use of any medication within 30 days before the start
of the study that may have affected the study results. The study protocol was approved
(IRB No.2019AN0538, clinicaltrial.gov; NCT05066516) by the Institutional Review Board
of Anam Hospital, Korea University Medical Center (Seoul, Korea), and all procedures
were conducted following the principles described in the Declaration of Helsinki and Good
Clinical Practice guidelines.

This study was conducted as a randomized, open-label, single-dose crossover study.
All participants were randomly allocated to group A (period 1: individual components
(ICs), period 2: FCDP) or group B (period 1: FCDP, period 2: ICs). Each group was
administered a single dose of IN-C009 (FCDP, dapagliflozin 10 mg/linagliptin 5 mg) (HK
Inno.N, Corporation, Seoul, Korea) or co-administered a single dose of dapagliflozin
(Forxiga® 10 mg, AstraZeneca, Cambridge, UK) and linagliptin (Trajenta® 5 mg, Beringer-
Ingelheim, Ingelheim, Germany) after at least 10 h of overnight fasting. After the 28-day
washout period, the participants received the other treatment (group A: IN-C009; group
B: dapagliflozin and linagliptin). All medications were biopharmaceutical classification
system (BCS) III drugs with high solubility and low permeability. The in vitro dissolution
behavior of the formulation was tested in four different pH conditions (pH 1.2, pH 4.0,
pH 6.8, and aqueous water) and the results were comparable in both ICs and FCDP (greater
than 80% dissolution in 30 min). For FCDP, microcrystalline cellulose and copovidone were
used as major excipients. The doses of dapagliflozin and linagliptin used in this study
were commercially used and the currently recommended dose for the control of T2DM
was used. Previous studies have demonstrated no possible food effect on linagliptin and
dapagliflozin; therefore, the food effect was not assessed in this study [20,21].
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On day 1 (the day of each drug administration), serial blood samples were drawn
immediately before (0 h) and 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 24, 48, and 72 h
after each dosing to assess the pharmacokinetics of each drug. The collected samples were
centrifuged (at 1977× g, 4 ◦C) for 15 min, and the extracted plasma samples were stored
frozen at −60 ◦C until they were analyzed. Plasma dapagliflozin and linagliptin concen-
trations were determined using high-performance liquid chromatography with tandem
mass spectroscopy (LC–MS/MS) described elsewhere, with minor modifications, follow-
ing the Korea Ministry of Food and Drug Safety and US Food and Drug Administration
guidelines [22,23].

For dapagliflozin analysis, 100 µL plasma was added to a glass tube containing an
internal standard (10 µL of 1 mg/mL dapagliflozin-d5) and 1 mL methanol. The samples
were vigorously vortexed and centrifuged at 10,770× g for 3 min. Next, 100 µL of the
upper layer was transferred to a polypropylene tube with 10 µL of internal standard
(dapagliflozin-d5, Toronto Research, Toronto, ON, Canada) and 300 µL of acetonitrile.
After vigorous vortexing and centrifugation at 2191× g for 1 min, 200 µL of the upper
layer was transferred to another polypropylene tube with 200 µL of ammonium acetate
(0.1%, w/v). A 20 µL aliquot of the solution was finally injected into the LC–MS/MS
system; 0.1% ammonium acetate and methanol were used for the mobile phase. The
gradient elution mode was applied (methanol proportion ranging between 57.5% and
90% in 5 min) with a constant flow rate of 0.4 mL/min. Dapagliflozin was quantified
using the multiple reaction monitoring (MRM) mode. The produced transitions were
m/z 426.47→ 166.84 for dapagliflozin and m/z 431.50→ 166.85 for dapagliflozin-d5. The
linear function of dapagliflozin concentration ranged from 1 to 400 ng/mL with regression
correlation coefficients of the calibration curves (R) greater than 0.999. The intra-day and
inter-day CV values were below 15%. The lower limit of quantification (LLOQ) using this
method was 1 ng/mL.

Linagliptin-13C-d3 (TLC Pharmaceutical Standards Ltd., Newmarket, ON, Canada)
was used as the internal standard, and 100 µL of plasma was added to a glass tube
containing the internal standard (10 µL of 1 mg/mL linagliptin-13C-d3) and 1 mL methanol.
The samples were vigorously vortexed and centrifuged at 10,770× g for 3 min. Next,
100 µL of the upper layer was transferred to a polypropylene tube with 10 µL of the
internal standard and 400 µL of methanol. After vigorous vortexing and centrifugation at
2191× g for 1 min, 100 µL of the upper layer was transferred to another polypropylene
tube containing 300 µL of formic acid in distilled water (0.1%, w/v). A 20 µL aliquot of
the solution was finally injected into the LC–MS/MS system; 0.1% ammonium formate
in distilled water and acetonitrile was used as the mobile phase. The gradient elution
mode was applied (acetonitrile percentage ranging between 25% and 90% in 4 min) with
a constant flow rate of 0.3 mL/min. Linagliptin was quantified using MRM mode. The
produced transitions were m/z 473.18→ 420.20 for linagliptin and m/z 477.20→ 420.20
for linagliptin-13C-d3. A linear function of linagliptin concentration ranged from 0.04 to
25 ng/mL with regression correlation coefficients of the calibration curves (R) greater than
0.999. The intra-day and inter-day CV values were <15%. The LLOQ with this method was
0.04 ng/mL.

The pharmacokinetic variables of dapagliflozin and linagliptin were estimated by
non-compartmental methods using Phoneix® Winnolin® software (version 8.1, Certara™,
Princeton, NJ, USA). The variables included were peak plasma concentration (Cmax), area
under the plasma drug concentration–time curve (AUC), time to maximal concentration,
terminal elimination half-life (t1/2), and oral clearance (CL/F). The AUC from time zero to
the last measurable concentration (AUClast) was obtained using the trapezoidal rule and
AUC from time zero to infinity (AUCinf) was calculated as AUClast + Ct/ke (Ct, the last
plasma concentration measured; ke, the elimination rate constant).

SAS statistical software (version 9.4, SAS Institute, Cary, NC, USA) was used for
statistical analyses. Mixed-effects models were used to compare pharmacokinetic variables,
using treatment, period, and sequence as fixed effects and sequence-nested subjects as
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random effects. Point estimates of GMRs and two-sided 90% CIs were calculated. The
90% CIs of GMR between 0.8 and 1.25 after comparing the log-transformed data of FCDP
and ICs were considered equivalent according to the US Food and Drug Administration
guidelines [24]. The safety and tolerability were assessed by vital signs, physical exam-
inations, laboratory tests (hematology, biochemistry, and urinalysis), and 12-lead ECGs
were assessed during the study period. Adverse events (AEs) were monitored based on the
participants’ self-reporting and general physical examinations.

3. Results

Forty-eight healthy male participants were enrolled in this study. The demographic
characteristics of the study participants are summarized in Table 1. The mean age and
weight of the participants were 27.3 years and 73.9 kg, respectively. Two participants
dropped out due to personal reasons, and a total of 46 participants completed the study. No
serious adverse events or clinically significant changes were observed through the safety
parameters during the study period. Only one adverse event was reported and resolved
spontaneously (myalgia).

Table 1. Baseline demographic characteristics.

Parameters Mean ± SD Min Max Median

Age (years) 27.3 ± 5.8 19 45 26

Weight (kg) 73.9 ± 10.2 53.5 99.7 72.6

Height (cm) 174.7 ± 5.2 161 185 175

BMI (kg/m2) 24.2 ± 2.9 18.3 29.8 25.1

The mean plasma concentration versus time profile for dapagliflozin and linagliptin
(both ICs and FCDP) are presented in Figure 1.
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When we compared the pharmacokinetic variables of dapagliflozin and linagliptin in
different formulations, no statistically significant differences were found (Tables 2 and 3).

Table 2. Pharmacokinetic parameters of dapagliflozin in different formulations.

IC FCDP

t1/2 (h) 11.34 ± 3.39 12.76 ± 3.84

Cmax (ng/mL) 161.32 ± 42.05 167.59 ± 42.09

tmax (h) 0.75 (0.5–4) 0.75 (0.5–2.5)

AUClast (ng·h/mL) 455.65 ± 92.84 465.76 ± 99.29

AUCinf (ng·h/mL) 500.34 ± 93.93 516.46 ± 98.28

CL/F (L/h) 20.67 ± 3.89 20.01 ± 3.6
Notes: All values are expressed as the mean ± SD, except for tmax, which is shown as the median (range).
Abbreviations: IC, individual component; FCDP, fixed-combination drug product; t1/2, half-life; Cmax, peak
plasma concentration; tmax, time to Cmax; AUClast, area under the plasma concentration–time curve from 0 to the
time of the last measurable concentration (72 h); AUCinf, area under the plasma concentration–time curve from 0
to infinity; t1/2, elimination half-life; CL/F, oral clearance.

Table 3. Pharmacokinetic variables of linagliptin in different formulations.

IC FCDP

t1/2 (h) 54.94 ± 13.6 54.29 ± 12.26

Cmax (ng/mL) 3.95 ± 1.42 4.2 ± 2.01

tmax (h) 2.5 (0.75–24) 1.5 (0.5–12)

AUClast (ng·h/mL) 155.35 ± 30.35 157.37 ± 35.9

AUCinf (ng·h/mL) 265.55 ± 78.74 267.97 ± 88.03

CL/F (L/h) 40.44 ± 10.50 40.81 ± 11.74
Notes: All values are expressed as the mean ± SD, except for tmax, which is shown as the median (range).
Abbreviations: IC, individual component; FCDP, fixed-combination drug product; t1/2, half-life; Cmax, peak
plasma concentration; tmax, time to Cmax; AUClast, area under the plasma concentration–time curve from 0 to the
time of the last measurable concentration (72 h); AUCinf, area under the plasma concentration–time curve from 0
to infinity; t1/2, elimination half-life; CL/F, oral clearance.

The mean Cmax values for dapagliflozin were 161.32 ng/mL (IC) and 167.59 ng/mL
(FCDP) and for linagliptin, 3.95 ng/mL (IC) and 4.2 ng/mL (FCDP). The mean area under
the curve (AUC)last values were also comparable for both dapagliflozin (IC: 455.65 ng·h/mL,
FCDP: 465.76 ng·h/mL) and linagliptin (IC: 155.35 ng·h/mL, FCDP: 157.37 ng·h/mL). The
estimation values of geometric mean ratios (GMRs) and 90% confidence interval (CI)
for both Cmax and AUCs were within the range of 0.8–1.25 for both dapagliflozin and
linagliptin, indicating that FCDP and IC tablets are bioequivalent (Table 4). Individual
comparisons of the pharmacokinetic parameters are presented in Figure 2. The intra-
participant coefficient of variation (CV) (%) for dapagliflozin was 20.49% for Cmax and
7.91% for AUClast, and 27.58% and 7.96% for linagliptin, respectively.
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Table 4. Point estimates and 90% CIs for log-transformed pharmacokinetic parameters (Cmax, AUClast,
AUCinf) of dapagliflozin and linagliptin IC vs. FCDP tablets.

Drugs Variable GMR (90% CI) Intra-Participant CV%

Dapagliflozin Cmax 1.0413 (0.9554–1.1349) 20.49

AUClast 1.0219 (0.9885–1.0564) 7.91

AUCinf 1.0324 (1.0010–1.0648) 7.35

Linagliptin Cmax 1.0265 (0.9141–1.1526) 27.58

AUClast 1.0062 (0.9731–1.0404) 7.96

AUCinf 0.9996 (0.9477–1.0542) 12.67
Abbreviations: IC, individual component; FCDP, fixed-combination drug product; GMR, geometric mean ratio;
CI, confidence interval; Cmax, peak plasma concentration; AUClast, area under the plasma concentration–time
curve from 0 to 72 h; AUCinf, area under the plasma concentration–time curve from 0 to infinity; CV, coefficient of
variation.
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4. Discussion

The combination treatment using dapagliflozin and linagliptin is reasonable consid-
ering their complementary effects due to the different mechanisms of action, different
metabolism, and relatively fewer adverse events, including hypoglycemia [14,25,26]. Al-
though dapagliflozin and linagliptin are substrates of P-gp transporter, several clinical
studies have already demonstrated that a combination of SGLT-2 inhibitors and DPP-4
inhibitors did not show any significant drug–drug interactions (DDI) [17,27,28]. Assuming
that linagliptin and dapagliflozin have similar chemical structures, the possibility of DDI
via P-gp may not be significant. Additionally, the Km of P-gp associated linagliptin trans-
port is 187 µM and it does not inhibit P-gp at the therapeutic levels [29]. In vitro studies
have shown that dapagliflozin is a weak substrate but not an inhibitor of P-gp [30] and its
interaction with other P-gp substrates, including linagliptin, has not yet been reported.

A recent study suggested that dapagliflozin may have a better outcome in reducing
heart failure in T2DM than empagliflozin (4.9 person-years in dapagliflozin vs. 9.0 person-
years in empagliflozin) [31]. Both dapagliflozin and empagliflozin have favorable effects
on heart failure; however, dapagliflozin is characterized by a longer pharmacological effect
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and lower SGLT2:SGLT1 receptor selectivity (i.e., higher selectivity of SGLT1 receptors,
thereby reducing postprandial blood glucose variations) than empagliflozin [31,32]. Among
the DPP-4 inhibitors, linagliptin has a relatively longer half-life and higher potency of
DPP-4 inhibition (approximately 90%), whereas saxagliptin has a shorter half-life (parent:
2.5 h, metabolite: 3.1 h) and lower inhibitory effect on DPP-4 (approximately 80%) [27].
Linagliptin also has an advantage over other DPP-4 inhibitors in diabetic patients with
renal impairment (kidney excretion: 5%) [33–36]. Therefore, the development of FCDP for
dapagliflozin and linagliptin is likely to have many advantages in the clinical management
of uncontrolled T2DM.

The results of this study showed that the pharmacokinetic profiles after adminis-
tration of individual dapagliflozin and linagliptin tablets were comparable to the FCDP
form. In other words, the systemic exposure to IC and FCDP forms of dapagliflozin and
linagliptin were similar in terms of Cmax and AUCs. Both treatments were well-tolerated
without significant adverse events and showed acceptable intra-subject variability [37].
The observed Cmax values for dapagliflozin were 161.32 ng/mL (IC) and 167.59 ng/mL
(FCDP), which were reached at 0.75 h for both, suggesting similar absorption profiles for
dapagliflozin in the two formulations. The extent of absorption (i.e., AUC) too was very
similar for both formulations (IC: 455.65 ng·h/mL, FCDP: 465.76 ng·h/mL). Similar results
were also obtained for linagliptin (Cmax: 3.95 ng/mL in IC and 4.2 ng/mL in FCDP, AUClast:
155.35 ng·h/mL in IC and 157.37 ng·h/mL in FCDP). These results indicate the successful
manufacture of the FCDP form of dapagliflozin and linagliptin combined [38].

FCDP is defined as a combination of more than two active chemicals in a single
pharmaceutical administration [24,38]. The advantage of FCDP is mainly cost-effectiveness
and increasing compliance by reducing the number of total medications administered at
once [39]. Inappropriately manufactured FCDPs can result in reduced effectiveness or
enhanced toxicity in routine clinical practice [40]. Although this study did not contain
pharmacodynamic data, including blood glucose levels or HbA1c, it is believed that this
FCDP should be generally comparable to its IC forms, considering that pharmacodynamic
results generally correlate with pharmacokinetic variables and there were no significant
adverse events related to the medication [41]. Indeed, the GMRs of the log-transformed
ratio for dapagliflozin were 1.0413 (0.9554–1.1349) for Cmax and 1.0219 (0.9885–1.0564)
for AUClast; those for linagliptin were 1.0265 (0.9141–1.1526) and 1.0062 (0.9731–1.0404),
respectively, which were within the predefined bioequivalence range. This showed that
ICs and FCDP exhibited comparable pharmacokinetic characteristics [24].

5. Conclusions

The results of this clinical study demonstrated similar pharmacokinetic characteristics
between IC and FCDP forms of dapagliflozin and linagliptin at commercially used dosages
of 10 mg and 5 mg, respectively. These results met the pharmacokinetic bioequivalence
criteria. The combination of dapagliflozin and linagliptin was safe and tolerable in both
formulations.
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Abstract: In combination with Bayesian estimates based on a population pharmacokinetic model,
limited sampling strategies (LSS) may reduce the number of samples required for individual pharma-
cokinetic parameter estimations. Such strategies reduce the burden when assessing the area under
the concentration versus time curves (AUC) in therapeutic drug monitoring. However, it is not
uncommon for the actual sample time to deviate from the optimal one. In this work, we evaluate the
robustness of parameter estimations to such deviations in an LSS. A previously developed 4-point
LSS for estimation of serum iohexol clearance (i.e., dose/AUC) was used to exemplify the effect of
sample time deviations. Two parallel strategies were used: (a) shifting the exact sampling time by
an empirical amount of time for each of the four individual sample points, and (b) introducing a
random error across all sample points. The investigated iohexol LSS appeared robust to deviations
from optimal sample times, both across individual and multiple sample points. The proportion of
individuals with a relative error greater than 15% (P15) was 5.3% in the reference run with optimally
timed sampling, which increased to a maximum of 8.3% following the introduction of random error
in sample time across all four time points. We propose to apply the present method for the validation
of LSS developed for clinical use.

Keywords: limited sampling strategies; population pharmacokinetic modelling; semi-parametric
simulation; robustness; therapeutic drug monitoring; area under the curve; AUC; glomerular filtration
rate; GFR

1. Introduction

The area under the plasma concentration-time curve (AUC) is a clinically useful
variable for systemic drug exposure. Within several therapeutic fields, AUC-targeted thera-
peutic drug monitoring (TDM) is becoming more clinically acknowledged [1]. Accurate
estimation of AUC either requires multiple samples within a dose interval when applying
the trapezoidal method, or knowledge of the individuals’ pharmacokinetic parameters,
e.g., clearance. The use of the trapezoidal method in this aspect is time-consuming for both
patients and healthcare professionals and not feasible in a clinical setting. However, with
Bayesian estimates (BE) based on, for example, a population pharmacokinetic model or the
use of a linear regression model, accurate estimates of pharmacokinetic parameters and
AUC may be obtained by using a limited number of optimally timed samples [2]. Such
limited sampling strategies (LSS) may reduce the number of samples and limit the length
of the study visit to make AUC-targeted TDM clinically applicable [3].

In a real-life setting, it is not uncommon for actual sample times to deviate from the
optimal LSS sample times. In contrast to multiple linear regression (MLR) models where
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coefficients are determined for pre-defined or binned sample times, BE approaches are
generally considered more flexible with regard to the timing of the samples, as long as the
exact sample times are recorded [4].

According to pharmacokinetic theory, clearance of an intravenously administered drug
may be determined by dividing the dose by the AUC. The glomerular filtration rate (GFR)
is a clinically important marker for renal function and is typically estimated from blood
concentrations of endogenous markers (eGFR). However, the most accurate metric of renal
function is the measured GFR (mGFR) assessed by determining the AUC of an exogenous
substance subject to clearance via filtration in the kidney [5]. The gold standard of these
exogenous markers is inulin but it is difficult to obtain injection-quality inulin nowadays
and the analytical assay is also somewhat challenging. Due to this, the contrast agent
iohexol has become the new gold standard for mGFR as it shows high concordance with
inulin-derived mGFR given optimal sampling times in relation to absolute GFR level [6].
Iohexol exhibits a low degree of protein-binding, low toxicity for the needed doses, no
tubular secretion or reabsorption, and is generally stable in plasma/serum [7]. As iohexol
is fully excreted by the kidneys, mGFR may be determined by measuring the clearance
of iohexol. For this, both MLR- and BE-based LSS are available in the literature. Of these,
BE-based methods have been shown to be more flexible and accurate than MLR [8].

We have previously demonstrated the feasibility of a BE-based 4-point LSS to accu-
rately determine mGFR over the range of 14 to 149 mL/min using iohexol serum clear-
ance [9]. Our LSS includes four samples within 5 h following intravenous administration
of iohexol. Here, we accurately determine the iohexol serum clearance by dividing the
administered dose by the AUC. As such, this method is equally viable for evaluating the
effect of shifts in sample time on AUC, as well as mGFR. While the effect of a deviation in
time from LSS based on MLR has been evaluated previously [10], the effect of deviations in
sample time on parameter estimates in the BE-based methods has not been readily studied
and is rarely considered during LSS development or their clinical use. In this work, we
demonstrate a general method for evaluating the robustness of an LSS, using the iohexol
model for AUC-based mGFR determination as an example. The effect of deviations in time,
both across individual and multiple time points, on AUC and model estimated parameters
are evaluated.

2. Materials and Methods
2.1. Population Pharmacokinetics Model and Limited Sampling Strategy of Iohexol

The population pharmacokinetic model and associated LSS for iohexol serum clearance
have previously been described in detail [9]. In short, a non-parametric adaptive grid
(NPAG) approach implemented in Pmetrics [11] for R [12] was used. The model consisted
of two compartments, parameterized in clearance (CL) from the central compartment,
the volume of central (V) and peripheral (Vp) compartments, and inter-compartmental
blood flow (Q), allometrically scaled for body weight using power factors of 0.75 for CL
and Q and 1 for V and Vp. The model was developed on rich data from 176 patients
(1131 samples), and externally validated in a cohort of 43 patients (395 samples). The
4-point sampling strategy optimized for clinical use included samples at 10 min, 30 min,
2 h, and 5 h following intravenous administration of 3235 mg iohexol (Omnipaque 300 mg
I/mL, GE Healthcare AS, Oslo, Norway). A public, web-based interface to this model was
developed and is freely available at https://www.mgfr.no.

2.2. Semi-Parametric Simulation from Support Points

To evaluate the robustness of the previously developed LSS of iohexol, simulations
were performed to obtain pharmacokinetic profiles from a similar parameter distribution
(i.e., population) as the original dataset. Our simulation method did not include covariates,
and as such, a covariate-free version of the model was used. This model was developed
and evaluated using the original development and validation datasets. Model diagnostic
plots and performance metrics are available in Figure S1 and Table S1.
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Briefly, the NPAG algorithm estimates the joint population parameter distribution,
which is used as a Bayesian prior for individual parameter estimation. The algorithm has
recently been explained in detail by Yamada et al., 2020 [13]. The population parameter
distribution is a discrete distribution provided as a set of support points, each a vector
of length D with an associated probability, where D is the number of parameters. The
discrete distribution may be transformed to a continuous distribution for the purpose of
sampling a wider range of possible parameter combinations. To accomplish this, we assume
a Gaussian distribution over each support point, forming a Gaussian mixture distribution.
The probability density function for the multivariate Gaussian mixture is defined as

p(x | µ, Σ) = N(µ, Σ) (1)

where µ and Σ are the vector of means and the matrix of variances, respectively. Values of
µ are readily obtained from the individual support point vectors. In order to determine Σ,
the univariate Gaussian mixture was evaluated for each parameter, the density for which is

p(x) = ∑K
i=1 πi ∗ N(x | µi, σi) satisfying ∑K

i=1 πi = 1 (2)

where π is the weighting (or probability) for the Kth Gaussian distribution with mean µ
and variance σ. For each parameter, a common σ, and thus, the proposed element of Σ,
was determined by minimizing the sum of the squared distance between the simulated
and observed (individual posterior) parameter distribution. Minimization was performed
using the built-in optim-function in R, implementing Brent’s method. Sampling from
the mixture distribution is achieved by first sampling the mixture components, i.e., the
support points, with replacement, weighted by their probability. Then, multivariate normal
sampling of parameters was accomplished using the rtmvnorm function implemented
in the tmvtnorm (version 1.5) package for R (version 4.1.3) [14]. Rejection sampling was
used to respect the boundaries of the population pharmacokinetic model. A successful
simulation was evaluated by the overlapping index for empirical distributions [15], for
which values equal to or above 85% were considered acceptable, comparable to an error of
15%. In order to generate concentration-time profiles from the simulated parameter vectors,
the population pharmacokinetic model was rewritten to be used in the mrgsolve [16]
package for R (Supplementary Code S1). Simulated sampling was performed in 1 min
intervals from 0 to 24 h following a dose of 3235 mg of iohexol. No systematic or random
error was added to the measurements.

GFR was calculated by dividing dose by the AUC from zero to infinity (AUC0-∞).
Simulated profiles with GFR < 15 mL/min or GFR > 115 mL/min were excluded, as they
were outside the validated range of the LSS and will not be explored in this work. As such,
both AUC and GFR are conversely evaluated in this work.

2.3. Deviation from Optimal Sample Times

The robustness of the 4-point sampling strategy for iohexol serum clearance was
evaluated at each of the sample points with empirically selected deviations in time; 10 min
(±2, 4, 5, and 6 min), 30 min (±5, 10, and 15 min), 2 h (±5, 15, 30, and 60 min), and 5 h (±5,
15, 30, 60, 120 and +180, 420, and 1140 min), in addition to a reference run with the original
sample times. Each shift was run separately, with cycling, and using the support points of
the covariate-free model ran on the complete dataset as a Bayesian prior, as specified in the
original publication [9].

In order to evaluate the effect of deviation over multiple sample times, a random
normally distributed error, centered around each respective sample point, and with a
relative standard deviation (RSD) of 5, 10, 15, 20, and 25% was added to all sample points,
truncated (using rejection sampling) at each point to prevent overlap; 10 min (5–15 min),
30 min (15–60 min), 2 h (1–3 h), and 5 h (3–8 h). As a measure of robustness to the
aforementioned shifts in sample times, both the mean absolute prediction error in mGFR
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and the proportion of individuals with relative prediction error greater than 15% (P15)
were used. Here, a P15 less than 15% was considered acceptable.

2.4. Optimal Sample Windows

Based on the results of deviation in both individual and multiple sample points, two
approaches to empirical sample windows were used. For deviation in individual sample
time, assuming otherwise no deviation in the remaining sample points, the time intervals
for which the mean error was lower than 2 mL/min may be used. For deviation across
all sample times, the level of RSD associated with an acceptable P15 was used to calculate
empirical sample windows for all sample points by calculating the 90% confidence interval
for the normal distribution centered at each sample point, truncated to avoid overlap
between samples.

3. Results
3.1. Simulated Profiles

A total of 400 pharmacokinetic profiles were simulated, of which 58 and 3 were
excluded due to a simulated GFR of less than 15 mL/min or greater than 115 mL/min, re-
spectively, yielding a total of 339 profiles used in the analysis. The variances that minimized
the distance between observed and simulated parameter densities were 0.61, 2.2, 1.2, and
0.9 units, for CL, Q, V, and Vp, respectively. Simulated parameter densities demonstrated
satisfactory overlap with the observed posterior parameter densities from the original
population pharmacokinetic model (91, 92, 90, and 86% for CL, Q, V, and Vp, respectively)
(Figure 1). Compared to the posterior, none of the simulated parameters had a differ-
ence in weighted mean greater than 15% (Table 1). The simulated profiles (n = 339) were
further grouped based on the estimated mGFR in relation to the chronic kidney disease
(CKD) stages; stage 4:15–29 mL/min (n = 90), stage 3B: 30–44 mL/min (n = 100), stage 3A:
45–59 mL/min (n = 57), stage 2: 60–90 mL/min (n = 73), and stage 1: >90 mL/min (n = 19).
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Figure 1. Kernel density estimates for the posterior (blue) and simulated (red) for (A) clearance from
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Table 1. Weighted mean and weighted median (95% credibility interval) of the population pharma-
cokinetic model parameters support points for the original and simulated dataset.

Weighted Mean Weighted Median
(95% Credibility Interval)

Original Simulated Original Simulated

CL (L/h) 2.89 2.84 1.95 (1.54–2.60) 2.42 (2.16–2.72)
V (L) 10.36 9.32 10.11 (9.19–10.91) 8.98 (8.25–9.57)

Vp (L) 9.20 7.98 7.95 (7.23–8.60) 7.46 (7.06–7.81)
Q (L/h) 10.65 11.37 8.03 (6.53–9.23) 8.65 (7.50–9.72)

3.2. LSS Performance on Simulated Profiles

The LSS performance on the simulated profiles was evaluated by sampling at pre-
cisely 10 min, 30 min, 2 h, and 5 h. The mean absolute and relative error in GFR were
1.5 ± 2.2 mL/min and 4.1 ± 5.5%, respectively (Table 2). In total, 6.5% of the simulated
profiles demonstrated an absolute error greater than 5 mL/min, and 1.2% demonstrated an
error greater than 10 mL/min. The proportion of individuals with an error larger than 15%
(P15) was 5.3%, seemingly increasing with decreased GFR, as expected (Table 2).

Table 2. Limited sampling strategy performance on determining mGFR for the simulated profiles,
presented as the absolute and relative error from the simulated “true” GFR. Data are presented as
mean ± standard deviation.

Group Absolute Error (mL/min) Relative Error (%) P15 (%) n

All profiles 1.5 ± 2.2 4.1 ± 5.5 5.3 339
CKD Stage 4 (15–29 mL/min) 1.5 ± 1.3 6.3 ± 5.8 7.8 90

CKD Stage 3b (30–44 mL/min) 1.9 ± 2.2 5.4 ± 6.0 8.0 100
CKD Stage 3a (45–59 mL/min) 1.0 ± 1.6 2.2 ± 3.4 1.8 57
CKD Stage 2 (60–90 mL/min) 1.3 ± 3.0 1.9 ± 4.4 2.7 73
CKD Stage 1 (90–115 mL/min) 1.2 ± 2.2 1.2 ± 1.9 0.0 19

3.3. Effect of Shifts in Sample Times on Estimated GFR

A graphical representation of the effect of deviations in individual sample time on
estimated GFR is shown in Figure 2. In all cases, the mean absolute error was below
4 mL/min, and the median absolute error was below 2.5 mL/min. For the 10 min sample,
delays by up to 6 min increased P15 to a maximum of 9%. Sampling 5 and 6 min prior,
effectively at 4 and 5 min post-dose, was not evaluable by the model, and these times were
not included. In contrast, delaying the 30 min sample less than 15 min reduced P15 to
4%, while sampling up to 15 min earlier increased P15 to 16%. The 2 h sample exhibits a
similar pattern, with reduced P15 for delayed samples, down to 4% at 60 min delayed. The
5 h sample was mostly unaffected by up to 7 h delay in sampling. However, delaying the
sample to 24 h post iohexol administration drastically reduced the predictive performance
as expected; P15 increased to 18%, and the mean absolute error was 2.9 ± 3.5 mL/min. In
order to evaluate these trends for each CKD stage, the median error for each shift is shown
in Figure 3.

Applying random, normally distributed noise with an RSD equal to 5 and 10% across
all sample times led to a P15 of 7.7% in both cases, and a maximum P15 of 8.3% was
achieved in the case of an RSD of both 20% and 25% (Figure 4). For the simulated profiles
with CKD stage 1 (GFR 90–115 mL/min), P15 was 0% for all levels of RSD, and a maximum
of 4.1% at 5% RSD for profiles with GFR 60–90 mL/min. In contrast, simulated profiles
with GFR between 45–55 mL/min, 30–44 mL/min, and 15–15 mL/min incurred a P15 of
7%, 14%, and 10% at 25% RSD, respectively.
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Figure 4. The effect of shifts in time over multiple sample points, where the (A) reference run is
compared to when shifts in sample time are normally distributed around the optimal sample time
with a relative standard deviation (RSD) of (B) 5%, (C) 10%, (D) 15%, (E) 20%, and (F) 25%. Blue
and red fill indicates an individual error greater than or less than 15%, respectively. The label in the
upper-left corner denotes the proportion of individuals with a relative prediction error greater than
15% (P15) for each level of RSD.

3.4. Optimal Sample Windows

The intervals around the deviation in individual optimal sample times that provide
a mean error in predicted GFR less than 2 mL/min, and conversely a low error in AUC,
were 6–16 min (10 min), 20–45 min (30 min), 1.5–3 h (2 h), and 4.75–12 (5 h) (Figure 5A). A
careful estimate of the optimal sample window may be obtained by, e.g., the 90% confidence
interval for the normal distribution with optimal sample times as the mean, and an RSD
of 25%. As such, an estimate of optimal sample windows for the present LSS, without
considering the absolute renal function of the patient, are 6–12 min (10 min), 18–42 min
(30 min), 1–3 h (2 h), and 2.5–7.4 h (5 h) (Figure 5B), assuming no overlap.

3.5. Effect of Shifts in Sample Times on Model Parameters

Supplementary to the effect of a deviation from optimal sample time on predicted
GFR, and conversely, predicted AUC0-inf, changes in estimated model parameters were
also evaluated. A graphical representation of the model-estimated parameter densities
across all evaluated shifts is shown in Figure 6. When compared with the true parameter
densities of the simulated data, the reference run with optimally timed samples achieved a
relative error in mean population model parameter estimates in CL, V, Vp, and Q of 1.5%,
0.6%, 6.9%, and 3.8%, respectively. However, the mean individual relative errors in the
same estimates in CL, V, Vp, and Q were 7.4%, 7.6%, 22.7%, and 495%.
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4. Discussion

In this work, we demonstrate an intuitive approach to evaluating the robustness of
LSS, with direct clinical applications. The method was applied to a previously published
model for serum iohexol clearance used for the determination of mGFR based on accurate
estimates of AUC0-inf. To our knowledge, this is the first work evaluating the robustness
of LSS in such a setting. Overall, the 4-point LSS appears robust to shifts in both single
and multiple sample times, especially for profiles with medium to good GFR, i.e., above
45 mL/min. An interesting finding is that the robustness is affected by patient absolute
clearance or GFR, in this case, and that acceptable sample time deviations should be
adapted also based on this information. This is especially useful in scenarios when a rough
estimate of the patient clearance is known based on clinical history, but the exact mGFR is
desired, e.g., for dose-adjustment of drugs.

In the case of LSS employing MLR, Sarem and colleagues have previously evaluated
the effect of deviations in sample time on AUC only [10]. The present work applies this
methodology to BE-based LSS and evaluates not only the effect of such deviations on
AUC but also the effect on parameter estimates at the individual and population levels.
Additionally, BE-based methods have been shown to outperform LSS based on MLR in
the case of iohexol clearance for the determination of mGFR [8,9]. The BE-based method
was evaluated with a restriction of sampling within standard laboratory opening hours,
i.e., the whole procedure was finalized within 5 h, while the MLR-base method allowed
sampling up to 24 h after dosing. The BE-based model was not only more accurate but also
better adapted to clinical practice [9]. With the development of easily and freely accessible
interfaces to these otherwise complicated BE-based models, such as the one we provide at
https://www.mgfr.no, the barrier to implementation in a clinical setting is significantly
lowered, becoming similar to that of MLR.

When evaluating deviations in sample time for individual sample points, and assum-
ing otherwise optimal sampling, no clinically significant increase in either mean absolute
error or P15 was found across shifts in the 10 min sample, and the 30 min sample may
be delayed by 15 min, even favorably so. As for the 2 h and 5 h samples, either may be
accelerated by up to 30 min without increasing the P15 above 10%. This may potentially
save time for both the patient and healthcare personnel during AUC-guided TDM. In this
work, delaying individual samples improved the predictive performance of the LSS, likely
due to the abundance of simulated profiles with low GFR. Previous history or indication
of the patient’s AUC and/or mGFR, it is possible to make specific recommendations. For
example, parameter estimation in patients with high AUC, and conversely, low mGFR, may
benefit more from delayed sampling, and vice versa. A challenge is that individual pharma-
cokinetic parameters are subject to change over time, but a Bayesian framework compatible
with the present method has previously been described by Bayard and Jelliffe [17].

The introduction of random error with an RSD of 25% was associated with a P15 of
8.3%, compared to 5.3% in the reference run. The level of RSD yielding an acceptable P15
could be viewed as a surrogate marker for LSS robustness to shifts across multiple sample
times for implementation in the clinic. As demonstrated, this may be tailored to the study
population as a whole, or individual sub-groups of patients with, e.g., different stages of
CKD. The empirically determined optimal sample windows allow for added granularity
with regard to the diligence required for sample collection. However, this does not address
the minimum distance required between two given samples, which is likely to affect the
accuracy of parameter estimates.

With respect to the model estimated parameters, the effect of empirical deviations
in individual sample times on the population level was negligible, as indicated by a
low relative error in mean parameter values and the fact that the population parameter
densities mostly overlapped the simulated, true density. However, individual parameter
estimates varied significantly—especially the peripheral volume and inter-compartmental
clearance were often misidentified. This is not surprising, as these parameters are seldom
identifiable. This misidentification did not have any effect on the predictive performance of
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the model, i.e., estimates of individual AUC0-∞, here translated to mGFR. All runs exhibited
exceptionally low mean prediction errors and relative root-mean-squared errors. This was
observed during early method development and for this reason, iohexol serum clearance,
and thus GFR, was calculated by dividing dose by AUC0-∞. This further highlights the
need for a more robust evaluation of LSS, especially when model parameters are used
directly. Our results demonstrate the clinical application of evaluating the robustness of
BE-based LSS. Previously, the effect of a deviation in sample time was unknown but has
now been quantified for the present model and population. With this information, one may
look up the deviation in sample time for the relevant CKD stage and use this to decide
on whether to include an additional sample, for example, which is likely to improve the
accuracy of the parameter estimates. Such changes to the LSS are not possible in the case
of multiple linear regression-based methods, where one is restricted to a pre-defined or
binned sample space.

For simulation-based studies, it is imperative that the simulated population reflects the
underlying research question. While this is implicitly assumed, it is not usually confirmed in
simulation-based studies, despite its importance. In this work, we aimed to simulate profiles
from a similar population, which was confirmed by evaluating the overlap in parameter
densities, in addition to comparisons of weighted mean and median. A disadvantage
of the proposed method for semi-parametric simulation is the lack of covariates, given
that multiple model parameters were allometrically scaled in the original model. Our
strategy for simulation was based on the mechanistic interpretation of the support points
representing the discrete population parameter distribution from the NPAG algorithm.
However, there is no direct link between the support points and the covariates. For the
covariate to be included in the multivariate normal sampling, a sensible mean and variance
must be provided. An initial choice would be the observed mean and variance of the
covariate, which was attempted during method development, but led to poor overlap
between the posterior and simulated parameter densities. Alternate approaches to include
covariates in a semi-parametric simulation will be investigated in a future work. Even
though the present work utilized a covariate-free version of the original model, we still
believe that the proposed simulation method provides an accurate representation of the
effect of deviations in LSS sample times on individual pharmacokinetic estimates, as the
method for evaluating the robustness of LSS is agnostic to the process for which data
is generated.

5. Conclusions

By deviating from the optimally timed sample point(s) of an LSS either empirically
or randomly, the robustness of the LSS to such shifts can be approximated. Additionally,
empirical optimal sample windows may be obtained for a more flexible sampling schedule.
It was further revealed that despite model population parameter estimates being within
10% across all evaluated deviations, individual model parameter estimates were prone to
misidentification. These findings provide additional insight into the necessary diligence
required during sample collection of optimally timed samples and provide a method for
evaluating LSS robustness with respect to both pharmacokinetic (i.e., AUC) and model
estimated parameters. We propose the present method be applied during the development
and validation of LSS for clinical use.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15041073/s1. Figure S1: Population pharmacokinetic
model performance plots for the covariate-free model, including (A) observed-predicted plot, (B)
weighted error across observed concentrations, and (C) weighted error across sample time. Solid
black lines represent the unity line, and the solid blue lines in (B,C) indicate the loess line. Table S1:
Population pharmacokinetic performance metrics for the covariate-free model. Supplementary Code
S1: Implementation of the population pharmacokinetic model in mrgsolve for R.
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Abstract: Therapeutic drug monitoring (TDM) receives growing interest in different psychiatric
clinical settings (emergency, inpatient, and outpatient services). Despite its usefulness, TDM remains
underemployed in mental health. This is partly due to the need for evidence about the relationship
between drug serum concentration and efficacy and tolerability, both in the general population and
even more in subpopulations with atypical pharmacokinetics. This work aims at reviewing the
scientific literature published after 2017, when the most recent guidelines about the use of TDM in
mental health were written. We found 164 pertinent records that we included in the review. Some
promising studies highlighted the possibility of correlating early drug serum concentration and
clinical efficacy and safety, especially for antipsychotics, potentially enabling clinicians to make
decisions on early laboratory findings and not proceeding by trial and error. About populations
with pharmacokinetic peculiarities, the latest studies confirmed very common alterations in drug
blood levels in pregnant women, generally with a progressive decrease over pregnancy and a very
relevant dose-adjusted concentration increase in the elderly. For adolescents also, several drugs
result in having different dose-related concentration values compared to adults. These findings
stress the recommendation to use TDM in these populations to ensure a safe and effective treatment.
Moreover, the integration of TDM with pharmacogenetic analyses may allow clinicians to adopt
precise treatments, addressing therapy on an individual pharmacometabolic basis. Mini-invasive
TDM procedures that may be easily performed at home or in a point-of-care are very promising
and may represent a turning point toward an extensive real-world TDM application. Although
the highlighted recent evidence, research efforts have to be carried on: further studies, especially
prospective and fixed-dose, are needed to replicate present findings and provide clearer knowledge
on relationships between dose, serum concentration, and efficacy/safety.

Keywords: therapeutic drug monitoring; treatment efficacy; medication adherence; schizophrenia
spectrum and other psychotic disorders; bipolar and related disorders; depressive disorder

1. Introduction

Therapeutic drug monitoring (TDM) consists of measuring drug levels in biological
samples, along with a clinical and pharmacological interpretation, aiming to improve
prescription appropriateness. The rationale of this clinical procedure is that a relationship
between drug level, clinical effects, and toxicity can be established. TDM is usually per-
formed on blood samples, although other biologic samples or determination of endogenous
compounds related to the drug activity can be used [1]. If we just think of drugs such
as digoxin, we see how TDM has marked the history of several medical treatments in
past decades. In psychiatry, some drugs have a relatively long history of research and
clinical application of TDM (i.e., carbamazepine, clozapine, lithium), which has become
a cornerstone in guiding treatment. It is impressive how current recommendations for
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TDM, which are discussed below, largely overstep traditional TDM use, even if they are
still too often scarcely applied in real-world clinical practice [2]. More in detail, TDM allows
the determination of an individualized dose of the prescribed drug, maximizing clinical
efficacy and minimizing toxicity. Appropriate clinical use of TDM requires considering
both pharmacodynamic and pharmacokinetic parameters. First, under a pharmacodynamic
approach, a therapeutic reference range (TRR) has to be considered for each drug, where
the TRR lower limit represents the blood concentration below which a drug is unlike to
have adequate clinical efficacy, while the upper limit is the concentration above which
tolerability decreases or it is relatively unlikely to obtain further therapeutic improvement.
Secondly, the application of another range, the dose-related reference range (DRRR), which
is the expected concentration range under the prescribed dosage, permits adherence assess-
ment and individuation of possible pharmacokinetic specificities. Thirdly, the definition of
metabolite-to-parent compound ratios can be a useful tool to measure metabolizing activity.

TDM is indicated for most classes of neuropsychiatric drugs: first- and second-
generation antipsychotics (i.e., haloperidol, clozapine, risperidone, olanzapine quetiapine,
aripiprazole, cariprazine, etc.), mood stabilizers (i.e., lithium, valproic acid, carbamazepine,
oxcarbazepine, etc.), and antidepressants (i.e., citalopram, sertraline, venlafaxine, etc.)
and is recommended in a variety of clinical conditions and settings, such as suboptimal
response, relapse, presence of side effects at therapeutic doses and adherence assessment.
It is particularly indicated especially for drugs with a narrow therapeutic window, high
inter-individual pharmacokinetic variability, or that are influenced by genetic variants of
enzymes involved in drug metabolism, and in populations in which the relation between
drug dose and blood level is highly unpredictable, such as limit ages, pregnancy, patients
with obesity or relevant systemic diseases or treated with many different drugs [2]. In
mental health, the past decades have been characterized by the introduction of several
novel therapeutic interventions, comprising new drugs and an extension or more precise
definition of the indications of the already existing compounds. Despite advances in the
spectrum of therapeutic instruments, treatment outcomes of major psychiatric disorders
remain largely perfectible. Low treatment adherence and relatively high interindividual
variability of clinical efficacy and tolerability of several drugs are among the main chal-
lenges in achieving better outcomes. TDM appears to be a promising instrument to assess
treatment adherence and monitor optimal drug posology. A growing body of literature
supports TDM clinical implementation. Research efforts have led to an increasingly precise
definition of therapeutic and dose-related reference ranges for psychotropic drugs and
have highlighted the importance of combining TDM results with the evaluation of various
pharmacokinetic parameters and pharmacogenetic tests [2].

Specific recommendations for TDM application in mental health have been defined,
such as dose optimization, safety, adherence assessment, treatment resistance, possible
drug–drug interactions (DDI), genetic alterations of drug metabolism, and physiological
and clinical conditions that can lead to pharmacokinetic peculiarities. Among the latter,
the main ones are limited ages (children, adolescents, and elderly), extreme body weights
(i.e., obesity and severe underweight), ethnicity differences, peripartum, and pharma-
cokinetically relevant comorbidity (e.g., systemic infections or gastrointestinal absorption
disturbances). These recommendations are summarized in the Arbeitsgemeinschaft fuer
Neuropsychopharmakologie und Pharmakopsychiatrie (AGNP) Consensus Guidelines for
Therapeutic Drug Monitoring in Neuro-psychopharmacology, published in 2017 [2] that
represent to date the highest level of scientific evidence regarding the use of TDM in the
field of mental health. TDM clinical recommendations stated in AGNP guidelines are listed
in Table 1.

Specifically, AGNP guidelines propose a comprehensive evidence-based list of TRR
and dose-related concentration (DRC) factors to compute DRRR for most psychoactive
drugs. In addition, chronopharmacological aspects need to be considered in TDM results
interpretation. TDM should be performed in the morning, before drug assumption, in order
to obtain standardized and reproducible results [2]. Furthermore, a distinction between
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immediate- and extended-release (IR and XR) drug formulations is needed. AGNP guide-
lines propose specific correction parameters for DRRR calculation according to the type of
formulation (IR or XR). In any case, it has to be considered that these are population-based
data and, for individual patients, optimal therapeutic response and tolerability may occur
at different blood levels [2]. Therefore, the definition of patients’ individual therapeutic
concentration should be tailored through clinical evaluation and TDM: when a patient has
reached the desired clinical outcome and no significant adverse effects are present, optimal
individual drug concentration can be defined, guiding future pharmacologic treatment. In
any case, TRR and DRRR enable clinicians to investigate possible causes of inadequate clin-
ical efficacy, relapse, or adverse effects under recommended doses, comprising assessment
of pseudo-resistance due to poor adherence [2].

Table 1. TDM recommendation in neuropsychopharmacological treatment.

Obligatory TDM

Dose optimization after initial prescription or after dose change for drugs with a high level of
recommendation to use TDM

Drugs for which TDM is mandatory for safety reasons (e.g., lithium or carbamazepine)
Specific indications for TDM

Uncertain adherence to medication
Relapse prevention because of uncertain adherence to medication

Lack of clinical improvement under recommended doses
Relapse under maintenance treatment

Determination of optimal individual drug concentration when the patient has attained the desired
clinical outcome

Recurrence of symptoms under adequate doses
Clinical improvement and adverse effects under recommended doses

Combination treatment with a drug known for its interaction potential or suspected
drug interaction

Use of counterfeit medications by the patient
Presence of a genetic peculiarity concerning drug metabolism (genetic deficiency,

gene multiplication)
Patients with differential ethnicity

Patients with abnormally high or low body weight
Pregnant or breastfeeding patient

Children or adolescent patient
Elderly patient (>65 y)

Patients with intellectual disability
Patients with pharmacokinetically relevant comorbidity (hepatic or renal insufficiency,

cardiovascular disease)
Patients with acute or chronic inflammations or infections

Patients with restrictive gastrointestinal resection or bariatric surgery
Problems occurring after switching from an original preparation to a generic form (and vice versa)

Use of over-the-counter (OTC) drugs by the patient
TDM: therapeutic drug monitoring.

Although the undisputed potential of TDM in psychiatry, its implementation in clinical
practice is still largely heterogeneous and often insufficient [3–5] even for those drugs
for which it has been available for many years and is highly recommended, such as
lithium, valproate, carbamazepine, and clozapine [6–10]. Therefore, following evidence-
based recommendations, more extensive employment of TDM in real-world mental health
practice is desirable. A contribution in enlarging TDM use may arrive from novel mini- or
not invasive sampling techniques, such as dried blood spots or oral fluid analysis, which
allows simple and rapid testing, with a consequent easier applicability.

We conducted this narrative review to present the state of the art in application of
TDM in mental health, with particular attention to the most recent findings issued after the
AGNP guidelines. The focus on findings after 2017 aimed at providing the readers with a
synthesis of what is new after the issue of AGNP guidelines, enabling a clear and simple
update on the topic.
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To facilitate reading, we propose the following list of contents:

2. Methods
3. Results and Discussion

3.1 Individual dose Finding

3.1.1 Clinical efficacy

Schizophrenia Spectrum Disorders
Bipolar Disorders
Depressive Disorders

3.1.2 Safety

Clozapine
Olanzapine, Other Antipsychotics, Antidepressants

3.2 Adherence
3.3 Special Populations

3.3.1 Peripartum
3.3.2 Adolescents
3.3.3 Elderly Patients
3.3.4 Extreme Body Weight

Obesity
Low Body Weight and Eating Disorders

3.3.5 Other Medical and Surgical Conditions That Might Influence Pharma-
cokinetics

3.4 Drug–Drug and Drug–Smoke Interactions

3.4.1 Drug–Drug Interactions
3.4.2 Drug–Smoke Interaction
3.4.3 Other Interactions

3.5 Pharmacogenetics and TDM

3.5.1 Antipsychotics
3.5.2 Antidepressants and Other Psychotropic Drugs

3.6 Novel Approaches Toward Minimally Invasive TDM

3.6.1 Dried Blood Spot Analysis (DBS)
3.6.2 Volumetric Absorptive Microsampling (VAMS)
3.6.3 Oral Fluid Analysis
3.6.4 Other Non- or Mini-Invasive Procedures

3.7 Towards Precision Pharmacotherapy in Psychiatry

4. Conclusions

2. Materials

We searched the Web of Science database using the following search string:
TS = (therapeutic NEAR/0 drug NEAR/0 monitoring) AND (TS = (mental health) OR
TS = (psychiatry) OR TS = (mental disorder) OR TS = (schizophrenia) OR TS = (psychosis)
OR TS = (bipolar disorder) OR TS = (depression) OR TS = (mood disorder) OR TS = (per-
sonality disorder) OR TS = (anxiety disorder) OR TS = (antipsychotics) OR TS = (mood
stabilizers) OR TS = (antidepressants) OR TS = (benzodiazepines) OR TS = (haloperidol) OR
TS = (chlorpromazine) OR TS = (perfenazine) OR TS = (chlothiapine) OR TS = (promethazine)
OR TS = (clozapine) OR TS = (risperidone) OR TS = (olanzapine) OR TS = (quetiapine) OR
TS = (paliperidone) OR TS = (aripiprazole) OR TS = (ziprasidone) OR TS = (asenapine)
OR TS = (lurasidone) OR TS = (cariprazine) OR TS = (brexpiprazole) OR TS = (lithium)
OR TS = (valproate) OR TS = (valproic acid) OR TS = (divalproex sodium) OR TS = (lam-
otrigine) OR TS = (carbamazepine) OR TS = (oxcarbazepine) OR TS = (fluvoxamine) OR
TS = (fluoxetine) OR TS = (sertraline) OR TS = (paroxetine) OR TS = (citalopram) OR
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TS = (escitalopram) OR TS = (venlafaxine) OR TS = (duloxetine) OR TS = (bupropion) OR
TS = (trazodone) OR TS = (lorazepam) OR TS = (alprazolam)). A total of 2.005 records was
obtained, with a date limit of 20 October 2022. The choice to search on the Web of Science
(WoS) was motivated by the fact that WoS is a platform that includes several databases,
including Science Citation Index Expanded and Social Science Citation Index.

The AGNP guidelines, based on a systematic literature search, were sent for publica-
tion in May 2017 and issued in 2018 [2]. Since no significant work published before 2017
and not discussed in the AGNP guidelines emerged, we focused on research data published
from 2017 on, setting data limits from 1 January 2017 to 20 October 2022.

All kinds of articles were included in the search and submitted to retrieval. We ex-
cluded articles not relevant to our review by topic (i.e., articles on technical methodologies)
or clinical sample (i.e., patients with epilepsy, children aged under 12) and written in lan-
guages other than English. Records were preliminarily screened by examining the title and
abstract. The full text of articles that passed initial selection underwent careful examination.
The selection process is shown in Figure 1.
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3. Results and Discussion

Following the algorithm described above and reported in Figure 1, 166 records were
included in the review. Sixty-six records were excluded after full-text reading for one of
the following reasons: (i) the use of TDM was proposed but not performed in the study;
(ii) there were no specific or separated data on patients with mental disorders or aged
more than fourteen years; (iii) the record was a methodological work on TDM without
direct clinical implications. The 166 included records were: 2 systematic reviews and
meta-analyses; 8 systematic reviews; 18 reviews; 2 clinical trials; 108 observational studies
(59 retrospective studies, 31 prospective studies, 1 retrospective and prospective study, and
17 cross-sectional studies); 2 genome-wide association study; 6 validation studies; 11 case
reports; 1 consensus statement; 1 study of device efficiency testing; 1 proof-of-concept
study; 1 pilot assessment of drug urinary metabolites; and 3 short commentaries.

3.1. Individual Dose Finding

Since these guidelines were issued, novel research evidence has reprised the debate
on TRR and DRRR for many drugs, integrating already available data with new consid-
erations. Literature on antipsychotics, including long-acting injection (LAI) formulation
and antidepressants, was largely reviewed, and novel DRRRs were proposed for clozapine,
risperidone, paliperidone, and olanzapine. The studies that we have selected are mostly
based on retrospective analyses of TDM databases, comprising mainly patients treated
with flexible-dosing regimens, and appear not to be suitable for the determination of thera-
peutically effective drug concentrations because of the flexible dosing [11–16]. Therefore,
fixed-dose studies are urgently needed to determine more precise relationships between
dose, blood levels, and clinical efficacy. This is in line with a recent review by Hiemke,
according to which a large lack of evidence on the concentration-efficacy relationship is
still present [16].

3.1.1. Clinical Efficacy

Clinical efficacy is the dimension representing the extent to which a patient benefits
from a drug. Clinical response to treatment depends on complex interrelationships between
demographic, clinical, and metabolic features and is not attributable to a single clinical or
laboratory variable. TDM represents a valuable and still underemployed tool to understand
the mechanisms involved in the interplay between such factors, both at population and
individual levels, also with the potential to integrate all variables in vivo for every patient.
In addition, TDM can be helpful in identifying low drug serum concentration, possibly
due to individual pharmacokinetic variants (demographic, genetic, linked to concomitant
diseases or treatments) as a factor involved in resistance. Since the pharmacological
treatment of mental disorders is mainly carried out with oral therapies taken by the patient
at home, and there are no methods to predict with certainty what will be the minimum
effective dose for that patient, TDM can help to find such a dose. Consequently, it may
promote the obtainment of therapeutic effects by minimizing the adverse ones, thereby
reducing the risk and duration of hospitalization as well as mental health costs. This
is in agreement with AGNP guidelines that indicate the TDM in relapse and recurrence
prevention and management, lack of clinical improvement under recommended doses, and
the determination of optimal individual drug concentration when the patient has attained
the desired clinical outcome in many mental disorders [2].

Schizophrenia Spectrum Disorders

FEP is a very challenging issue for psychiatrists and a crucial period in the management
of the disease: an efficient early treatment enables better long-term treatment outcomes.
Although research data are still scarce and controversial, TDM appears to be a promising
tool in optimizing treatment from its beginning. Additionally, for the current review, we
found incoherent evidence. In particular, an observational study on 64 patients with FEP
receiving second-generation antipsychotics reported no significant correlation between
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serum concentrations and clinical effects, while data drawn from a large multicentric
clinical trial and regarding 47 patients receiving olanzapine evidenced a role for TDM in
predicting clinical efficacy after two months [17,18].

Early clinical response evaluation and dose-finding are critical issues also in schizophre-
nia relapse and maintenance. Data from a prospective study on aripiprazole suggest the
utility of measuring the plasma level of aripiprazole and its active metabolite dehydroarip-
iprazole after a week of treatment, while another performed on Asian patients from Taiwan
reported a higher clinical response with aripiprazole serum concentrations higher than
the TRR proposed for the western population [19,20]. A recent meta-analysis suggests a
high inter-individual variability and the influence of CYP2D6 genotypes in the treatment
of schizophrenia spectrum disorders with aripiprazole and proposes a low daily dose
approach with a starting dose of 10 mg and 5 mg for known poor metabolizers [21]. A
prospective study on patients receiving second-generation antipsychotics included in a
naturalistic drug-monitoring program retrieved no relationship between early clinical re-
sponse and drug plasma level [22]. Another naturalistic and flexible-dose study conducted
on patients treated with risperidone enlightened a possible association between risperidone
active moiety (risperidone and its active metabolite 9-hydroxyrisperidone, that is paliperi-
done) plasma concentrations and clinical response [23]. As for FEP, available evidence on
TDM in schizophrenia relapse is still sparse and heterogeneous [19–23], possibly due to
the design of the studies that considered flexible, individualized dosage. However, even
if real-world data are relatively lacking and highly interesting on this topic, studies with
fixed-dose regimens are still awaited to define more reliable correlations between dose,
blood concentration, and efficacy.

Treatment resistance in schizophrenia is a therapeutic challenge, and identifying
factors associated with inadequate clinical response is often complex. TDM and early
pharmacogenetic testing may help to disentangle factors underlying clozapine resistance
through the analysis of genetic variants of metabolizing enzymes, blood–brain barrier trans-
porters, and receptors of neurotransmitters [24–30]. Twelve studies focused on treatment
resistance or failure in schizophrenia [17,24,30–34]. In particular, a retrospective analysis of
a large sample of patients included in the Clinical Antipsychotic Trials of Intervention Effec-
tiveness (CATIE) study and randomized to olanzapine or risperidone revealed a significant
correlation between low antipsychotic blood levels and treatment failure [31]. Other retro-
spective data on patients evaluated as treatment-resistant by their clinician and switched to
clozapine—the gold standard therapy for treatment-resistant schizophrenia—or to long-
acting injectable (LAI) antipsychotics revealed a relatively high prevalence of undetectable
or subtherapeutic blood levels of oral antipsychotics [32,33]. A solid correlation between
clozapine serum concentration and dose-adjusted serum concentration clinical response
has been confirmed by several studies [17,24,25]. On the other hand, a review assessing
the clinical utility of clozapine/norclozapine ratio found no significant association with
clinical response, while a subsequent clinical study on 50 patients observed an association
between a higher clozapine/norclozapine ratio and clinical non-response [26,27]. Two stud-
ies demonstrated that TDM can also be useful in maintaining efficacy and safety when
switching from a clozapine formulation to another, permitting a timely assessment of
possible scarcely predictable intra-individual differences in blood levels due to the switch
to a novel formulation [29,30]. Finally, another study showed that TDM may also assist
clinicians in exploring unusual therapeutic strategies in treatment-resistant patients, such
as ensuring safety in the case of prescription of off-label dosage of quetiapine [34].

Finally, since point-of-care personnel normally administer LAI antipsychotics, the role
of TDM for this kind of treatment is usually underestimated and routinely less prescribed
than for oral treatment, as adherence assessment is not needed. However, despite the
certainty of drug assumption, the problem of not reaching adequate blood concentration
due to pharmacokinetic processes concerns patients treated with LAI as well as those
receiving oral treatment [12,35–39]. Furthermore, TDM can be particularly helpful during
the first phase of treatment with LAI antipsychotics since, for these formulations, the
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achievement of the steady state may take some months [35]. In particular, one study
suggested that TDM can be useful when switching from oral to LAI formulation [11].
Another study demonstrated that under-range atypical antipsychotics serum concentrations
after LAI administration predicted psychotic relapse [39]. Focusing on the first phase
of treatment with paliperidone LAI formulations, an observational study reported that
monthly paliperidone palmitate injection (PP1M) may take 8 months to reach the steady
state and 3-month paliperidone palmitate injection (PP3M) take over 1 year [35]. Finally,
four studies suggested to performed TDM with LAI formulations of antipsychotics when
individual dose-finding might be difficult because of high inter-individual variability
between patients [12,35–37]. This is the case of extreme age, extreme BMI, and altered
cytochrome CYP2D6 activity [12,35–37].

Novel antipsychotic cariprazine pharmacokinetics needs a brief focus. Cariprazine
has two active metabolites: desmethylcariprazine (DCRP) and didesmethylcariprazine
(DDCRP), both pharmacologically equipotent to the maternal drug. Cariprazine and DCRP
half-lives are of about 1–2 days, while DDCRP has a 2–3-week half-life, resulting in several
times higher systemic exposure; cariprazine and DCRP steady states are reached on average
after 2 weeks of treatment, while DDCRP steady state could need up to 8 weeks or more
to be obtained, with high inter-individual variability [40]. AGNP guidelines propose TRR
and dose-related concentration factors to compute DRRRs for cariprazine and its active
metabolites, considering pharmacokinetic parameters, which have been subsequently
reported by a specific literature review [40]. Moreover, a recent large clinical study on
2558 patients, which assessed the correlation of plasma levels of cariprazine and its active
metabolites with clinical outcomes and adverse effects, confirmed the validity of the dose
range recommended for schizophrenia (1.5–6 mg/d) and for bipolar mania (3–6 mg/d), in
agreement with previous therapeutic drug monitoring data [41].

Bipolar Disorders

Regarding mood-stabilizing drugs, namely lithium, valproic acid, carbamazepine, and
lamotrigine, TRRs are based on consolidated evidence, and TDM is highly recommended
and employed for clinical decision-making [2]. Lithium stands as a singular fortunate
case for which relationships between serum concentration and clinical effects are well
established. A clear association between clinical response in any specific phase of bipolar
disorder and blood level is defined and is of great clinical utility. Higher serum concentra-
tions are indicated in the management of manic episodes and lower levels in depressive
phases, while optimal maintenance values have to be individually determined and gener-
ally represented by low/intermediate concentration within the frame of the TRR [42]. Many
atypical antipsychotics are effective in treating acute depressive or (hypo)manic episodes
and as maintenance treatment and are therefore extensively prescribed for bipolar disorders.
We found some evidence that TDM may help in characterizing optimal drug plasma levels
according to the disease phase, as already defined for lithium [43]. In particular, about this
topic, we found exclusively a prospective study conducted by Mauri and colleagues [43]
on aripiprazole LAI and paliperidone LAI in patients affected by bipolar disorder type I
with manic predominance. This study demonstrated that lower paliperidone plasma levels
and intermediate aripiprazole plasma levels had a positive effect on depressive symptoms,
which may be present and clinically relevant even in patients with this specific subtype of
bipolar disorder.

Depressive Disorders

Evidence on TDM of antidepressant drugs is largely explored in the AGNP consensus
guidelines [2] and in a recent meta-analysis [44], and in two reviews that extensively ana-
lyzed significant literature on most antidepressants [44,45]. Specific therapeutic reference
ranges are proposed for each drug [2,45], even if a clear linear correlation between blood
levels and clinical response is unclear for most available drugs [2,44,45]. Nevertheless, a
prospective observational study recently demonstrated a significant bell-shaped quadratic
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relationship between the efficacy of first-line antidepressants serum concentrations of those
drugs, suggesting a progressive increase in antidepressants efficacy up to around the upper
normalized limit of the TRR with a decrease in the antidepressant response at higher
serum concentrations [46]. Furthermore, two recent works on venlafaxine conducted in
a naturalistic setting showed an association between clinical response and the sum of
serum concentration of venlafaxine and its active metabolite O-desmethylvenlafaxine, with
a progressive increase in antidepressant efficacy up to the concentration of 400 ng/mL
and a decrease at higher blood levels, suggesting that TDM, more than oral dosage, can
represent the major tool for optimizing venlafaxine treatment [47,48]. Despite this recent
evidence, further research with fixed doses [44] and real-world data are needed to provide
clinicians with more precise and clinically relevant instruments for employing the TDM of
antidepressants.

Original articles on TDM application in optimizing clinical efficacy are summarized
in Table 2.

Table 2. Original articles on the use of TDM to ensure treatment efficacy.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

Arnaiz et al.,
2021 [18]

Prospective
multicentric Olanzapine 47 26.2 ± 5.1

(mean ± SD)

Patients with FEP;
ethnicity:

Caucasian, other

Affective and
non-affective first

psychotic symptoms
of at least

1-week duration

Positive association
between drug C/D ratio

and clinical response

Bustillo et al.,
2018 [49]

Prospective
multicentric SGA 64

28.7 ± 7.3
(mean ± SD),
18–49 (range)

Patients with FEP;
ethnicity:

Caucasian, Hispanic
SSD and BD

Drug SC is not associated
with early

clinical response

Cellini et al.,
2022 [46] Prospective

Escitalopram,
Duloxetine,
Venlafaxine,
Mirtazapine

206 58.11 ± 16.85
(mean ± SD)

Patients with current
major depressive

episode
(HAMD-21 ≥ 14)

treated with
first-line AD

ethnicity:
Caucasian, other

MDD

Concentration-dependent
clinical

efficacy of first-line ADs
with a bell-shaped
quadratic function

indicating a progressive
increase in AD efficacy up

to around the upper
normalized limit of the

TRR with a decrease in the
AD response at higher SC.

D’Anna et al.,
2022 [39] Prospective LAI SGA 48 44.33 ± 12.63

(mean ± SD)
Clinically

stable outpatients SSD Under-range LAI levels
predicted relapse in SSDs

Grover et al.,
2022 [27] Cross-sectional Clozapine 50 35.7, 19–62

(mean, range)

Clozapine responders
and non-responders,

Asian ethnicity

Treatment-resistant
schizophrenia

Association between
a higher

clozapine/norclozapine
ratio and clinical

non-response

Hyza et al.,
2021 [38] Retrospective LAI FGA

and SGA 40 45 ± 13
(mean± SD)

At least 3-month LAI
treatment, ethnicity

not stated

Schizophrenia and
related disorders

High prevalence of
subtherapeutic drug SC

Kauffmann
et al., 2016

(corrigendum
2020) [22]

Prospective SGA 87
34.7 ± 79.9

(mean ± SD),
18–58 (range)

In- and outpatients
starting SGA
monotherapy;

ethnicity not stated

SSD
No correlation between

clinical response and
observed drug SC

Kylleso et al.,
2021 [25] Retrospective Clozapine 190

Switchers:
39 ± 2

(mean ± SD);
non-switchers:

43 ± 1
(mean ± SD)

Patients switching
from clozapine to

other AP
Schizophrenia

Association between
clozapine discontinuation

and low SC

Mauri et al.,
2020 [43] Prospective

LAI aripiprazole
and LAI

paliperidone
56

Aripiprazole:
41.92 ± 13.28
(mean ± SD);
paliperidone:
40.83 ± 13.32
(mean ± SD)

Patients clinically
stabilized with oral
treatment¸ ethnicity

not stated

BD with manic
predominance

Lower paliperidone SC
may have positive effect
on depressive symptoms
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Table 2. Cont.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

McCutcheon
et al., 2018 [32] Retrospective FGA and SGA 99

Patient with
SC in

therapeutic
range:

44.4 (median);
patient with

low SC:
35.7 (median)

Patients with
treatment-resistant

schizophrenia;
ethnicity: White

British, Black

Schizophrenia,
schizoaffective
disorder, other

Association between
resistance to treatment

and subtherapeutic
drug SC

Melkote et al.,
2018 [31]

Retrospective
analysis of data

from
prospective RCT

Olanzapine,
risperidone 316

40.9 (mean),
43 (median),
18–67(range)

Patient included in
CATIE study

undergoing treatment
failure; ethnicity:

Caucasian, African
American, other

Schizophrenia

Correlation between
treatment failure and

antipsychotics SC
below TRR

Nagai et al.,
2017 [19] Prospective Aripiprazole 26 37.7 ± 12.8

(mean ± SD)
Japanese inpatients,

early treatment phase Schizophrenia

Optimal dose predictable
through aripiprazole +

dehydroaripiprazole TDM
at week 1

Olmos et al.,
2019 [29] Prospective Clozapine 98 39 (median),

20–67 (range) Caucasian Schizophrenia Bioequivalence of two
clozapine brands

Oloyede et al.,
2020 [30] Prospective Clozapine 28 47 ± 11.59

(mean ± SD)

In- and outpatients;
ethnicity: Asian,
Black, Caucasian

Schizophrenia Bioequivalence of two
clozapine formulations

Paulzen et al.,
2017 [23] Retrospective Risperidone 590

Responders:
46.1, 18–82

(mean, range);
Non-responders:

40.9, 18–87
(mean, range)

Ethnicity not stated Not stated

Positive association
between risperidone

active moiety and
clinical response

Schoretsanitis
et al., 2021 [36] Retrospective PP1M 173

Responders:
44.0, 32.0–59.0
(median, IQR);
non-responders:
47.5, 39.8–58.5
(median, IQR)

Ethnicity not stated SSD, BD, other

Possible specific patterns
of clinical response

according to diagnosis
and SC

Schoretsanitis
et al., 2022 [37] Retrospective PP1M 183

Control: 43.0,
33.0– 62.5

(median, IQR);
Overweight:

47.0, 34.2–59.7
(median, IQR);

Obese: 49.0,
39.2–57.7

(median, IQR)

Adults, elderly,
normal and

overweight patients
SSD, BD, other

High interindividual
variability of SC, no
influence of age, sex,

smoking, or body weight
on SC

Tien et al.,
2022 [20] Prospective Aripiprazole 64

Aripiprazole
SC:

≤300 ng/mL:
35.2 ± 14.9;

>300 ng/mL:
34.3 ± 11.3

(mean ± SD)

Ethnicity;
Asian—Taiwan Schizophrenia

Higher response in terms
of Clinical Global

Impressions (CGI) scores
with aripiprazole

SC > 300 ng/mL (higher
than the western

population-based TRR).

Yada et al.,
2021 [24]

Cross-sectional
multicentric Clozapine 131

40.1 ± 12.0
(mean ± SD),
16–72 (range)

Japanese patients Treatment-resistant
schizophrenia

Confirmed validity of
AGNP clozapine TRR;

doses above 1000 ng/mL
are more effective but

have higher toxicity risk

AP: antipsychotics; BD: bipolar disorder; C/D: concentration/dose; CATIE: Clinical Antipsychotic Trials of
Intervention Effectiveness; FEP: first episode psychosis; FGA: first-generation antipsychotics; LAI: long-acting
injectable; MDD: major depressive disorder; PP1M: once-monthly paliperidone palmitate; RCT: randomized
clinical trial; SC: serum concentration; SGA: second-generation antipsychotics; SSD: schizophrenia spectrum
disorders; TRR: therapeutic reference range.

3.1.2. Safety

As stated in the AGNP consensus guidelines, TDM is mandatory for safety reasons for
drugs with a narrow therapeutic window and/or with high risk related to overdosage, such
as, for example, lithium, carbamazepine, or clozapine [2]. AGNP guidelines also provide,
aside from TRR values, useful laboratory alert levels for each drug, such as, for example,
1000 ng/mL for clozapine, 1.2 mmol/L for lithium, or 20 µg/mL for carbamazepine.
For other drugs, in routine practice, it is often the clinician’s judgment to guide dose
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reduction or discontinuation because of adverse effects. However, blood levels can address
proper dose-finding or appropriate discontinuation more precisely and earlier, improving
treatment safety [2,11,13]. In our search, we found twelve original contributions that we
present in this order: clozapine, olanzapine, other antipsychotics, and antidepressants.

Clozapine

A large real-world observational study, including 874 patients conducted after the intro-
duction of a specific monitoring policy, showed TDM utility in individuating patients with
high-risk clozapine blood concentrations [50]. Furthermore, as reported in a case report [51],
easy point-of-care testing may improve clozapine TDM implementation and prevent lethal
events. One study focused on the risk of neutropenia, revealing a negative relationship be-
tween norclozapine levels and neutrophil granulocyte count [52]. Regarding neurologic side
effects, a multicenter cross-sectional study confirmed the validity of the TRR proposed by the
AGNP guidelines and found greater efficacy when reaching clozapine serum concentrations
over 1000 ng/mL, accompanied on the other hand by significantly higher central nervous
system toxicity (seizures, myoclonus, sedation) [24]. Moreover, the correlation between serum
concentration and seizures has also been confirmed by a recent literature review [19]. Clozap-
ine blood levels and BMI appeared to be linked by a bi-directional relationship: on the one
hand, high clozapine blood levels are associated with weight gain and insulin resistance,
especially in overweight patients; on the other hand, elevated BMI, which can arise conse-
quently to treatment, is associated with an increase in plasma concentration, probably because
clozapine may deposit in body fat, leading to a consequent reduction in clearance [53]. Finally,
clozapine blood concentration appeared to be positively associated with sialorrhea [54]. In con-
clusion, although a debate on reference range is still ongoing, TDM may also be useful in the
monitoring of adverse effects [55], such as neutropenia [52], seizures [24], and sialorrhea [54].

Olanzapine, Other Antipsychotics, Antidepressants

Higher levels of olanzapine serum concentration correlated with weight gain after a two-
month treatment in patients with FEP, and metabolic dysfunction was more severe and dose-
dependent in drug-naive patients as compared to patients with chronic schizophrenia [18,56].
Two studies focused on the association between N-desmethyl-olanzapine (DMO), an olan-
zapine metabolite, and metabolic side effects [53,57], suggesting a protective role of this
molecule in the development of these dangerous adverse effects. In a recent study about
different drugs, higher serum antipsychotics concentrations were significantly associated
with lower subjective well-being, while with paliperidone palmitate one month (PP1M), a
higher serum concentration/LAI dose ratio was associated with a higher risk of developing
adverse effects [58]. Focusing on specific results of this review, recent evidence demonstrated
that TDM could prevent or reduce metabolic adverse effects of antipsychotics by helping
to find the individual minimum effective dose in both oral and LAI treatments [45,58,59].
Regarding antidepressants, only one study was included in the present review regarding the
switch from escitalopram to venlafaxine. It found a positive correlation between venlafaxine
blood concentration and adverse effects, such as reduced salivation, orthostatic dizziness, and
sweating [60]. All original studies presented about treatment safety are reported in Table 3.

Table 3. Original articles on the use of TDM to ensure treatment safety.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

An et al.,
2022 [57] Cross-sectional Olanzapine 352 56.6 ± 14.2

(mean ± SD) Inpatients Schizophrenia

Negative association
between plasma DMO

concentrations and
glucose, insulin, and

triglycerides SC
Positive association

between plasma
olanzapine concentrations

and C-reactive protein
and homocysteine SC
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Table 3. Cont.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

Arnaiz et al.,
2021 [18]

Prospective
multicentric Olanzapine 47 26.2 ± 5.1

(mean ± SD)

Patients with FEP;
ethnicity: Caucasian

(94.2%), other

Affective and
non-affective first

psychotic symptoms
of at least

1-week duration

Positive correlation
between drug SC and

weight gain

Diaz et al.,
2017 [53]

Retrospective
analysis of data

from RCT
Clozapine 47

45 ± 10
(mean ± SD),
28–62 (range)

Patients included in
RCT; ethnicity:

African
Americans, Caucasians

Schizophrenia Association between
weight gain and higher SC

Engelmann et al.,
2021 [60] RCT Venlafaxine 234 39.9 ± 12.2

(mean ± SD)

Non-responders to
first-line treatment
with escitalopram,
ethnicity not stated

MDD
No significant correlation
between venlafaxine SC

and ADRs

Kang et al.,
2022 [56] Prospective Olanzapine 117

Drug-naïve: 27.50
(24.83–30.17)

Chronic: 38.82
(36.19–41.45)

(Interquartile range)

First episode
drug-naïf and
patients with a

duration of
illness > 5 years

ethnicity not stated

Schizophrenia

Metabolic dysfunction is
more severe and

dose-dependent in
drug-naive patients but

independent in
patients with

chronic schizophrenia

Kitchen et al.,
2021 [50] Retrospective Clozapine 874 -

Patients undergoing
routine TDM;

ethnicity not stated

Schizophrenia,
schizoaffective

disorder

Reduction of patients with
high-risk clozapine SC

through routinary
TDM implementation

Lu et al.,
2018 [58] Prospective Olanzapine 151 41.3 ± 12.1 (mean

± SD) In- and outpatients Schizophrenia

Negative correlation
between DMO C/D ratio
and presence of metabolic

syndrome. Positive
correlation between

olanzapine SC/DMO SC
ratio and presence of
metabolic syndrome.

Proposal of a range for
olanzapine SC/DMO SC

(3–6) to maximize efficacy
and reduce metabolic

side effects

Schoretsanitis
et al., 2021 [61] Retrospective PP1M 172

Patients with
ADR: 50.5 (25.0)
(median, IQR);

patients without
ADR: 47.0 (23.2)
(median, IQR)

In- and outpatients,
ethnicity not stated Not stated

Paliperidone C/D
ratio over

7.7 (ng/mL)/(mg/day)
associated with higher

ADRs risk

Schoretsanitis
et al., 2021 [54] Retrospective Clozapine 395

Patients with
hypersalivation:

41.5 (21.0)
(median, IQR);

patients without
hypersalivation:

41.0 (22.0)
(median, IQR)

In- and outpatients,
ethnicity not stated Not stated

Correlation between high
clozapine SC and C/D

ratio and hypersalivation

Smith et al.,
2017 [52] Retrospective Clozapine 129 34, 20–84 (median,

range) Ethnicity not stated Schizophrenia
Correlation between
norclozapine SC and

granulocyte count

Veselinović et al.,
2019 [62]

Retrospective
analysis of data

from RCT

Aripiprazole,
flupentixol,
haloperidol,
olanzapine,
quetiapine,

69 34.8 ± 10.9
(mean ± SD)

Patients included in
RCT; ethnicity

not stated
Schizophrenia

Association between high
SC, high D2 receptors
occupancy, and low

subjective well-being

Yada et al.,
2021 [24]

Cross-sectional
multicentric Clozapine 131

40.1 ± 12.0
(mean ± SD),
16–72 (range)

Japanese patients Treatment-resistant
schizophrenia

Confirmed validity of
AGNP clozapine TRR;

doses above 1000 ng/mL
are more effective but

have higher toxicity risk

AD: antidepressant; ADR: adverse drug reaction; C/D: concentration/dose; DMO: N-desmethyl-olanzapine;
HAMD-21: Hamilton Depression Rating Scale-21 items; MDD: major depressive disorder; PP1M: once-monthly
paliperidone palmitate; RCT: randomized clinical trial; SC: serum concentration; TRR: therapeutic reference range.
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3.2. Adherence

Adherence is a multidimensional phenomenon, determined by several factors related
to the patient, illness, treatment, and socio-familial milieu. Treatment compliance is a major
issue in mental health care, up to 70% of patients have no or only partial adherence to
psychopharmacologic treatments [63–65]. Poor adherence to treatments is among the few
modifiable risk factors for relapse [66], and its monitoring is therefore of crucial importance.
Focusing on patients with clinical relapse presenting to emergency services, two studies
found a very high prevalence of low drug plasma concentration and estimated that partial
adherence or non-adherence could be hypothesized in about two-thirds of patients with
schizophrenia and 50% of patients with affective disorders [67,68]. Comparable percent-
ages were observed in a large retrospective study on psychiatric inpatients [69]. In similar
samples of people acceding to inpatient emergency facilities because of a relapse of psy-
chotic symptoms, no significant relationship has been found between subjective patient
or clinician-rated adherence assessment and drug blood levels [70,71]. In patients with
schizophrenia, younger age, poor clinical insight, cannabis, and substances abuse, poor
premorbid functioning, the presence of specific symptoms such as paranoic thought, ex-
citement, and lack of impulse control, and polytherapy are associated with low adherence,
while the patient and familiar’s positive attitude towards drugs, family involvement, and
good illness insight predict adequate compliance [72,73].

Concerning outpatients, a study conducted on a very large sample observed a gen-
erally very good level of compliance, with less than 4% of the sample resulting in not
adherent [74]. Higher complete non-adherence rates were found in patients receiving
olanzapine compared to those receiving other antipsychotics [74]. Since both self-rated
and clinician-rated adherence evaluations appear to be unreliable [70,71], TDM can be
considered an essential tool in addressing adherence issues, and its use in monitoring com-
pliance to treatment is specifically indicated by AGNP guidelines [2]. In conclusion, TDM
stands as a very useful tool in distinguishing between resistance and pseudo-resistance; a
larger implementation in routine care, especially in emergency services, where adherence
is particularly low, can be of great clinical value. Original articles on TDM application for
adherence assessment are presented in Table 4.

Table 4. Original articles on the use of TDM to ensure treatment adherence.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

Baldelli et al.,
2020 [69] Retrospective AP, AD 1197 Not stated Italian database;

ethnicity not stated Not stated 45% of patients with SC
below TRR

Brasso et al.,
2021 [71] Prospective AP, mood

stabilizers 133

Patients with
SSD: 43.1 ± 13.5

(mean ± SD);
patients with BD:

51.9 ± 14.4
(mean ± SD)

Inpatients in a
psychiatric

emergency service;
ethnicity:

Caucasian, other

SSD, BD, and
related disorders

50% of patients with SC
out of TRR; no correlation

between TDM and
self-assessment

of adherence

Geretsegger et al.,
2019 [67] Prospective AP, AD 161 40.4 (mean)

Inpatients newly
admitted to a

psychiatric
emergency service;
ethnicity not stated

Psychotic disorders,
mood disorders,
other disorders

52% of patients with SC
below TRR, patients with
psychotic disorder are less

adherent compared to
patients with

mood disorders

Lopez et al.,
2017 [70] Prospective

Aripiprazole,
risperidone,
olanzapine,

paliperidone,
quetiapine

97 39, 18–74
(mean, range)

Patients acceding to a
psychiatric

emergency service;
ethnicity: African
American, Asian,

White,
Hispanic, other

Schizophrenia,
schizoaffective
disorder, BD,

psychotic disorder
not

otherwise specified

66% of patients with SC
out of TRR; no correlation

between TDM and
clinician assessment

of adherence

Silhan et al.,
2018 [68] Prospective

Citalopram,
escitalopram,
paroxetine,
sertraline,

venlafaxine

83 40.3 ± 12.2
(mean ± SD)

In- and outpatients;
ethnicity not stated

Depressive disorders,
anxiety disorders

37.3% of non-adherent
patients in the whole
sample; 56.8% of the

outpatient subgroup with
SC below TRR
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Table 4. Cont.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

Smith et al.,
2020 [72] Retrospective AP 24,239 44 (median),

15–106 (range)
Norwegian database;
ethnicity not specified Not stated

AP polypharmacy is
associated with
non-adherence

Smith et al.,
2021 [74] Retrospective

Aripiprazole,
clozapine,

olanzapine,
quetiapine,
risperidone

13,217 44.3 ± 16.0
(mean ± SD)

Norwegian database,
outpatients; ethnicity

not specified
Schizophrenia, other

Complete non-adherence
in less than 5% of patients
with psychotic symptoms;
higher non-adherence in

patients receiving
olanzapine compared to

other drugs

AD: antidepressants; AP: antipsychotics; BD: bipolar disorder; SC: serum concentration; SSD: schizophrenia
spectrum disorders; TRR: therapeutic reference range.

3.3. Special Populations

Drug absorption, metabolism, distribution, and excretion are subject to relevant vari-
ation in individuals with particular conditions, such as pregnancy, limited ages, low or
high body weight, and medical or surgical comorbidities. In these populations, the rela-
tionships between drug dose, blood concentration, and clinical efficacy are often highly
unpredictable.

3.3.1. Peripartum

In several mental disorders, pregnancy and post-partum represent particularly critical
phases for biological, psychological, and social factors and are often associated with an
increased risk of relapse [75]. Pregnancy implicates alterations in pharmacokinetics, espe-
cially in drug distribution, metabolism, and excretion, leading to possibly altered blood
concentration and the subsequent impact on clinical efficacy and safety. Closer clinical
monitoring is needed, and TDM can play an important role, allowing a more precise
dose-finding for the mother ensuring treatment efficacy and safety, and, at the same time,
minimizing risks for the fetus or infant related to drug exposure via placenta or maternal
milk. AGNP guidelines include pregnancy and breastfeeding as specific indications for
TDM for all psychiatric drugs, with the recommendation of performing blood level testing
at least once per trimester and shortly after childbirth [2]. The joint consensus statement of
the American Society of Clinical Psychopharmacology and AGNP confirms such indication
for antipsychotics [76].

Novel data issued in or after 2017 showed a relevant decrease over the pregnancy
of serum concentrations of some first- and second-generation antipsychotics, lithium,
and variations in several antidepressants’ blood levels, as summarized in the following
paragraphs. Focusing on antipsychotics, a large retrospective study on 110 pregnant women
receiving antipsychotics revealed a relevant decrease in quetiapine and aripiprazole, up
to values below 50% in the third trimester compared with the beginning of pregnancy.
Increased CYP3A4 activity may explain an augmented metabolism of quetiapine, while
higher CYP2D6 and CYP3A4 expression appears to implicate an increased metabolism of
aripiprazole and of its active metabolite dehydroaripiprazole [12,77]. For first-generation
antipsychotics, patients treated with perphenazine and haloperidol showed a trend of
decreased serum concentration during pregnancy. No significant alterations were identified
for olanzapine, while data on other antipsychotics were insufficient to draw relevant
conclusions [78]. Focusing on LAI antipsychotic formulations, extremely low paliperidone
concentrations in pregnant patients receiving 1-month paliperidone palmitate [11].

Regarding mood stabilizers, significantly lower lithium serum concentrations were
observed during the third trimester compared with baseline values [79,80]. Regarding
antidepressants, a systematic review and meta-analysis conducted by Schoretsanitis and
colleagues searched the literature for mirror studies of comparison between drug blood
levels in pregnancy and non-pregnant state in the same patient, highlighting alterations of
serum concentration associated with pregnancy for the majority of drugs for which avail-

317



Pharmaceutics 2022, 14, 2674

able data were found [81]. Namely, trimipramine, clomipramine, imipramine, nortriptyline,
fluvoxamine, citalopram, and paroxetine showed a decrease in dose-adjusted levels, espe-
cially in the third trimester, increased concentrations were found for sertraline, whereas no
significant alterations in the predicted serum concentration of fluoxetine, escitalopram and
venlafaxine were detected [81]. Similar results, albeit with minor differences, were found
in a recent transdiagnostic observational study of 60 pregnant women [77]. Moreover,
findings from a randomized clinical trial including nine pregnant women treated with
sertraline and tested for drug blood levels during the second and third trimesters, showed
high interindividual variability in maternal serum concentration, stressing the need for
TDM to increase treatment efficacy and safety [81]. A prospective study on breast milk
concentration of three antidepressants (citalopram, sertraline, and venlafaxine) revealed
that generally only a very low amount of antidepressant drug, in terms of absolute infant
dose, was transmitted from mother to child, with the highest values for venlafaxine [82].
This is in line with the observational study of Leutritz et al. 2022 [77].

In conclusion, these results confirm the indication for TDM during pregnancy—
especially in the third trimester—in the post-partum weeks, and in the breastfed infants,
together with close clinical monitoring of psychiatric symptoms and adverse effects, in
order to warrant treatment efficacy and safety of mother and child [12,79,81–84]. However,
in the light of the retrieved literature in this review, as well as of studies presented in
previous systematic reviews, available evidence on TDM in pregnancy and post-partum
suffers from major limitations: high-quality studies based on large clinical samples are
lacking on most drugs and adherence issues, drug–drug interactions and pharmacokinetics
factors are often insufficiently addressed. Original articles on TDM use in peripartum
considered in our review are listed in Table 5.

Table 5. Original articles on the use of TDM during peripartum.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

Clark et al.,
2022 [80] Prospective Lithium 3 22–39 (range)

Women during
pregnancy and
post-partum; 1

Caucasian, 1
Hispanic, 1

Afro-American

BD, type I

Lithium elimination
clearance increase of 63.5%

by the third trimester;
lithium elimination

clearance was inversely
related to SC; mood

symptoms worsened with
declines in SC; lithium
elimination clearance

returned to baseline at 4 to
9 weeks postpartum

Heinonen et al.,
2021 [83] RCT Sertraline 9 24–39 (range)

Women during
pregnancy and

post-partum, infants;
ethnicity not stated

Depression

High interindividual
maternal serum

concentration, low infant
exposition

Leutritz et al.,
2022 [77]

Retrospective
and Prospective

Amitriptyline,
Aripiprazole,
Bupropion,
Citalopram

Clomipramine,
Duloxetine,

Escitalopram,
Lamotrigine,
Mirtazapine
Paroxetine,
Quetiapine,
Sertraline,

Venlafaxine

60 33.26 ± 2.45
(mean ± SD)

Outpatients during
pregnancy and

post-partum infants;
ethnicity not stated

Major depressive
disorder, Anxiety

disorders, Obsessive–
compulsive disorder,

Bipolar disorders,
Schizoaffective

disorder, Adjustment
disorder, Substance

use disorders

↓ SC from the I to the II
trimester of amitriptyline,
duloxetine, escitalopram,
quetiapine, and sertraline;
citalopram stayed stable

during pregnancy, ↑
sertraline SC from the II to

the III trimester; high
concentration-by-dose
ratios in breastmilk for

venlafaxine and
lamotrigine, low

for quetiapine
and clomipramine

Schoretsanitis
et al., 2019 [82] Prospective

Citalopram,
sertraline,

venlafaxine
17 23–40 (range)

Breast-feeding
women; ethnicity

not stated
Depressive episode Higher breastfed children

exposure to venlafaxine
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Table 5. Cont.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

Westin et al.,
2017 [79] Retrospective Lithium 13 32.9 ± 3.8

(mean ± SD)

Pregnant women,
assessment at

baseline, during
pregnancy, and after

delivery; ethnicity
not stated

BD ↓ lithium SC during
III trimester

Westin et al.,
2018 [84] Retrospective AP 103 29 (mean)

Pregnant women,
assessment at

baseline and during
pregnancy; ethnicity

not stated

Not stated
↓quetiapine and

aripiprazole SC during
III trimester

AP: antipsychotics; BD: bipolar disorder; RCT: randomized clinical trial; SC: serum concentration.

3.3.2. Adolescents

Adolescence is a developmental period characterized by major changes in both phar-
macokinetics parameters (such as body weight and height) and central nervous system
development. Several major psychiatric disorders have onset in adolescence, and psy-
chotropic drugs are largely prescribed in this population [85,86]. However, pharmacother-
apy is often associated with suboptimal treatment effects, and evidence in this population
is relatively lacking [87]. Moreover, comorbidity with substance use is very common,
leading to possible influence on drug metabolism and substance-drug interactions, and
adherence issues are a rule more than an exception. Therefore, the dosing regimen and
correlations between dose, blood concentration, clinical effects, and toxicity evidenced in
adults may not be applicable to adolescents for many psychoactive drugs [88–90]. For these
above-mentioned reasons, AGNP guidelines strongly recommend TDM to optimize drug
treatment in adolescents suffering from mental disorders [2,76]. However, TDM is still
largely unemployed in routine clinical practice. Amongst the reasons for this insufficient
application of TDM, it is necessary to consider a substantial lack of clear and generally
accepted age-specific data assessing the relationship between dose, drug blood levels, and
clinical outcomes and defining specific therapeutic and dose-related reference ranges. In
reviewing literature published after AGNP guidelines, we considered studies presenting
data on patients aged from 14 on.

Only a recent prospective study focused on the relationship between daily dose, serum
concentration, and treatment efficacy in adolescents. In particular, it demonstrated higher
sertraline daily doses and serum concentrations are more effective in the treatment of
OCD in adolescents [91]. Regarding dose-related concentration, about half of the psy-
chotropic drugs assessed in the review by Fekete et al. [92] resulted in having different
values compared to adults. Specifically, haloperidol, olanzapine, citalopram, clomipramine,
fluvoxamine, and imipramine showed higher dose-related concentrations, while quetiapine,
lamotrigine, oxcarbazepine, and topiramate showed lower levels compared to adults. For
clozapine, risperidone, ziprasidone, aripiprazole, fluoxetine, paroxetine, sertraline, escitalo-
pram, duloxetine, lithium, valproic acid, carbamazepine, methylphenidate, atomoxetine,
guanfacine dose-concentration parameters similar to adults were observed. According
to the review conducted by Kloosterboer et al. [93] in an effort to define also for adoles-
cent patients clear blood levels/efficacy/tolerability relationships, an association between
drug concentration and both efficacy and side effects was found for methylphenidate and
imipramine, a concentration–efficacy relationship was evidenced for quetiapine, citalo-
pram, fluoxetine, nortriptyline, bupropion, and lithium, while a concentration- side effects
relationship was highlighted for ziprasidone, venlafaxine, and desipramine. A third re-
cent review specifically addressed selective serotonin reuptake inhibitors (SSRI) TDM in
children and adolescents, considering pharmacogenetics profiles, adherence issues, DDI,
and drug–substance interactions. Adolescents with low CYP2C19 activity showed higher
escitalopram and sertraline exposure and Cmax, while paroxetine clearance resulted in
being highly dependent on CYP2D6 activity also for young patients. CBD and THC inhibit
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CYP activity, and their chronic assumption can therefore lead to increased SSRI plasma
concentrations. Oral contraceptives’ effect on reducing citalopram and escitalopram serum
concentrations has been observed, whereas proton-pump inhibitors can increase SSRIs
blood levels [94].

The three retrospective observational studies, subsequent to the cited reviews, inte-
grate some of the previously lacking information. In particular, Fekete et al. found lower
dose-corrected serum concentrations for risperidone and venlafaxine in adolescents com-
pared to adults [95]. The influence of sex and body weight on risperidone and aripiprazole
blood levels were analyzed, finding for both drugs higher dose-adjusted concentrations in
girls, lower risperidone active moiety serum concentration in lower weight patients and a
positive correlation between weight and serum levels of aripiprazole [96,97]. A correlation
between higher aripiprazole dose-related serum levels in adolescents and African ethnicity
has been hypothesized based on preliminary data [98].

We found two systematic reviews that addressed the issue of TRR and DRRR in
adolescence, proposing some novel parameters for various drugs [92,93]. Overall, these
two systematic reviews found highly heterogeneous data. Finally, a recent prospective
study highlighted an association between higher risperidone serum concentrations and ex-
trapyramidal side effects, suggesting a lower TRR for this antipsychotic in adolescence [99].
In conclusion, adequate studies are lacking for several largely employed drugs in ado-
lescents, most retrieved studies were not of sufficient quality, and most findings were
not replicated. Therefore, as already hoped for in the AGNP guidelines [2], in order to
better support routine TDM application in adolescents, further high-quality research on the
determination of therapeutic and dose-related reference ranges, pharmacogenetic variants,
substances, and drug interactions is needed to confirm and integrate present evidence.

3.3.3. Elderly Patients

Aging determines a progressive involvement of the functioning of multiple organs,
with a reduction of renal and liver function, and often implies changes in weight and distri-
bution volume. Notably, as most pharmacological clinical trials do not include patients over
65, evidence on this population is limited and based on post-marketing data. Moreover, off-
label prescription of psychoactive drugs is relatively frequent. Elderly patients frequently
bear the burden of physical comorbidities, are treated with polypharmacotherapy, and
often display higher sensitivity to drug adverse effects. About psychotropic drugs, those
with anticholinergic activity may particularly hit on elderly patients’ frailty, determining an
increased risk of delirium and a decrease in cognitive functions. Considering such elements,
TDM in elderly patients is recommended, although evidence on specific reference ranges is
still insufficient [2,76].

After the issue of AGNP guidelines, this topic has been reprised by two retrospective
analyses using the same large dataset that revealed a significant impact of age on antipsy-
chotic blood levels. In detail, Castberg et al. observed a large effect of age on clozapine,
olanzapine, risperidone, and quetiapine dose-adjusted concentration, with a particularly
relevant increase from 80 years of age onwards [99]. This effect was most prominent for
clozapine, with a 2-fold dose-adjusted concentration for patients aged 80 and a 3-fold dose-
adjusted concentration for patients aged 90 compared to patients aged 40 years. Patients
treated with olanzapine, the drug for which age-related concentration increase was less
prominent, had a 28% dose-adjusted concentration increase at 80 years and a 2-fold increase
at 90 years. Concentrations observed in females were generally higher than in males.
Jönsson and colleagues conducted analyses on the same large dataset considering patients
treated with amisulpride, aripiprazole, clozapine, flupenthixol, haloperidol, olanzapine,
perphenazine, quetiapine, risperidone, sertindole, zuclopenthixol, and ziprasidone [100].
For all drugs except flupenthixol and ziprasidone, higher dose-related concentrations
were observed in patients over 65 compared to those under 65, with relatively lower con-
centration/dose ratios for higher drug doses compared to patients receiving low drug

320



Pharmaceutics 2022, 14, 2674

doses for most drugs. This study confirmed the finding that in the elderly dose-adjusted
concentrations are higher in females than in males.

Subsequent studies confirmed the findings of these two large retrospective analyses
for oral administration of amisulpride, zuclopenthixol, olanzapine, and risperidone. Huang
et al., in a study conducted on a Chinese population receiving amisulpride, observed an
age-related increase in dose-adjusted concentration, leading to a possible indication of
a specific age-related dosage of amisulpride (i.e., doses over 600 mg/d should not be
recommended in patients over 60) [78]. Another small clinical study on eight patients of
different ethnicities suggested relevant receptor occupancy and adequate clinical efficacy
at relatively low amisulpride dosage in the elderly [101]. A large study on zuclopenthixol
showed an age-dependent serum level increase [102]. For olanzapine, a large sample study
by Tveito et al. and two studies on the Chinese population confirmed higher olanzapine
dose-adjusted blood concentration and lower concentration of its metabolite desmethyl-
olanzapine in the elderly [103–105]. Age and sex-related alterations for risperidone were
replicated by Fekete et al., with higher dose-corrected serum concentrations of risperidone
found in older patients and females [95]. With regard to LAI treatment in the elderly,
interesting data showed no age effect on olanzapine LAI absorption and blood levels, in
contrast with the olanzapine serum concentration increase observed for the oral formulation
while a significant age-dependent increase, especially in women, was observed PP1M and
zuclopenthixol, confirming data on the oral formulation, while only small effects of age
emerged for fluphenazine and aripiprazole [11,35,102,103,106].

The newest studies on mood stabilizers confirmed linear age-dependent pharmacoki-
netics for lamotrigine, with up to 30% reduced clearance in the elderly [13,107]. Focusing on
antidepressants, sertraline, citalopram, escitalopram, mirtazapine, and venlafaxine blood
levels appear to be particularly influenced by age and sex, with a significant proportion of
patients in real-world populations, especially elderly women, exposed to concentrations
above the TRR [13,45,48,95]. Finally, focusing on the adverse effects of antidepressants
in the elderly, a study demonstrated a correlation between amitriptyline and venlafaxine
serum concentration and the extent of drug-induced QT prolongation [108]. Based on the
studies included in this review [11,13,45,48,78,95,99–108], TDM may play an important
role in optimizing treatment in aged patients, keeping in mind that the elderly, according
to the reported data, should not be considered a homogenous population, with age and
sex largely influencing drug blood levels. Table 6 presents original articles on TDM in
adolescents and the elderly included in our review.

Table 6. Original articles on the use of TDM in adolescents and elderly patients.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

A
do

le
sc

en
ts

Egberts et al.,
2020 [97] Retrospective Aripiprazole 130

15.0 ± 2.6
(mean ± SD),

7.6–19.0 (range)

65% of the
patients treated

with
polytherapy;

ethnicity
not stated

SSD, mood
disorders, other

Aripiprazole TRR for
adolescents similar to

adults; positive
correlation between

weight and
aripiprazole SC

Fekete et al.,
2021 [95] Retrospective Risperidone,

venlafaxine

Total sample:
1555; patients

< 18: 100

Patients < 18 treated
with risperidone:
14.0; 4.0 (mean;

IQR), 7–17 (range);
patients < 18
treated with

venlafaxine: 16.0;
2.0 (mean; IQR),

12–17 (range)

German
database;
ethnicity

not stated

Not stated

Risperidone and
venlafaxine

dose-adjusted SC lower
in adolescents

than adults

Piacentino et al.,
2020 [96] Retrospective Aripiprazole,

risperidone 140
14.2 ± 3.1

(mean ± SD),
5−18 (range)

Ethnicity
not stated

Oppositional
Defiant/Conduct

Disorders

Higher aripiprazole and
risperidone

dose-adjusted SC in girls;
lower risperidone active

moiety SC in
lower-weight patients
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Table 6. Cont.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

A
do

le
sc

en
ts

Taurines et al.,
2022 [109] Prospective Risperidone 64

15.6 ± 1.7
(mean ± SD),
11–18 (range)

Inpatients and
outpatients;

Ethnicity
not stated

SSD

Higher SC associated
with a higher risk of EPS.
Preliminary indications

for a lower TRR in
this population

Tini et al.,
2022 [91] Prospective Sertraline 78

14.2 ± 2.4
(mean ± SD),
7–18 (range)

Ethnicity
not stated

Obsessive–
compulsive
and Major
Depressive
Disorders

Strong linear positive
dose–serum

concentration
relationship; significant

effects of weight and
co-medication; no

association between dose
or SC and side effects;

higher doses and SCs are
more effective in the

treatment of the OCD

El
de

rl
y

An et al.,
2021 [105] Retrospective Olanzapine 185

18–87 (range),
67.6% of the

sample aged ≥56

Chinese
population Schizophrenia

Age-related ↓
N-desmethyl

olanzapine SC

Castberg et al.,
2017 [99] Retrospective

Clozapine,
olanzapine,
quetiapine,
risperidone

11,968 18–100 (range)

Data from
Norwegian
database;
ethnicity

not stated

Not stated

Age-related ↑
dose-adjusted SC of

clozapine, olanzapine,
quetiapine, risperidone,
particularly in women

Deng et al.,
2020 [104] Retrospective Olanzapine 884

38 ± 16
(mean ± SD),
13–90 (range)

Chinese
population SSD, BD Age-related ↑ olanzapine

SC and dose-adjusted SC

Fekete et al.,
2020 [95] Retrospective Risperidone,

venlafaxine

Total sample:
1555, patients
> 60 years: 428

Patients > 60 treated
with risperidone:
73.0; 11.0 (mean;

IQR), 61–92
(range); Patients >

60 treated with
venlafaxine: 71.0;
13.0 (mean; IQR),

60–93 (range)

German
database,
ethnicity

not stated

Not stated
Age-related ↑

risperidone dose
adjusted SC

Hansen et al.,
2017 [48] Retrospective Venlafaxine 1177 45 (median),

34–59 (IQR range)

Danish
database,
ethnicity

not stated

Not stated
↑ dose-adjusted

venlafaxine SC in
patients over 64

Hefner et al.,
2019 [108] Retrospective Amitriptyline,

venlafaxine 34

69.7 ± 3.5
(mean ± SD),
65–78 (range)

(data referred to
the whole

database from
which data on the

34 patients
included in the

study are
taken from)

Ethnicity
not stated Not stated

Correlation between
amitriptyline and

venlafaxine SC and QT
prolongation in

the elderly

Huang et al.,
2021 [78] Retrospective Amisulpride 121 35.83 ± 13.50

(mean ± SD)

Inpatients
Chinese

population
Schizophrenia

Age-related ↑
dose-adjusted SC of

amisulpride; proposal of
600 mg/day as the

maximum dosage of
amisulpride in patients

over 60

Jönsson et al.,
2019 [100] Retrospective

Amisulpride,
aripiprazole,

clozapine,
flupenthixol,
haloperidol,
olanzapine,

perphenazine,
quetiapine,
risperidone,
sertindole,

zuclopenthixol,
ziprasidone

Different n◦
of patients

for each drug,
ranging from

11,272
(olanzapine)

to 225
(sertindole)

Different ages for
each drug ranging
from 31 (median,

sertindole) to
50 (median,
haloperidol)

Data from
Norwegian
database;
ethnicity

not stated

Not stated

Age-related ↑
dose-adjusted SC of

amisulpride,
aripiprazole, clozapine,
haloperidol, olanzapine,

perphenazine,
quetiapine, risperidone,

sertindole,
zuclopenthixol,

particularly in women
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Table 6. Cont.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

El
de

rl
y

Reeves et al.,
2018 [101] Prospective Amisulpride 8 76 ± 6

(mean ± SD)

Outpatients;
Caucasian,

African, Asian

Very late-onset
schizophrenia-

like
psychosis

D2 receptor occupancy
over 40% and good

clinical efficacy with an
amisulpride dose of

50 mg/day

Smith et al.,
2018 [107] Retrospective Lamotrigine 534 40 (median),

18–95 (range)

Norwegian
database,
ethnicity

not stated

Not stated

Age-related ↑
lamotrigine

dose-adjusted SC,
particularly in women

carrying the
UGT1A4*3 allele

Tveit et al.,
2020 [45] retrospective

Citalopram,
escitalopram,
mirtazapine,

sertraline,
venlafaxine

806 (2007
cohort); 1932
(2017 cohort)

2007 cohort,
age < 65: 41,

19 (median, IQR);
age ≥ 65: 76,

13 (median, IQR);
2017 cohort,
age < 65: 41,

22 (median, IQR);
age ≥ 65: 79,

15 (median, IQR)

Norwegian
database,
ethnicity

not stated

Not stated

Age-related ↑ citalopram,
escitalopram,

mirtazapine, sertraline,
venlafaxine SC,

especially in women.
Relevant percentage of
the sample exposed to

concentrations
above TRR

Tveito et al.
2021 [106] Retrospective Paliperidone

LAI 1223
PP1M: 41.1 (mean)

PP3M:
44.3 years (mean)

Norwegian
database,

one-third of the
sample

aged > 50;
ethnicity

not stated

Not stated

Age-related ↑
paliperidone

dose-adjusted SC for
paliperidone LAI users,

especially in women

Tveito et al.,
2018 [103] Retrospective Olanzapine

oral and LAI 8288 45, 18–102
(median, range)

Data from
Norwegian
database;
ethnicity

not stated

Not stated

Age-related ↑ olanzapine
dose adjusted SC for oral

formulation but not
LAI users

Tveito et al.,
2021 [102] Retrospective Zuclopenthixol

oral and LAI 2044

Oral subgroup:
52.3 ± 17.5

(mean ± SD); LAI
subgroup:
47.3 ± 15.4

(mean ± SD)

Data from
Norwegian
database;
ethnicity

not stated

Not stated

Age-related ↑
dose-adjusted SC of

zuclopenthixol for both
oral and LAI

formulation; LAI users
over 65 and with low

CYP2D6 function at risk
of high SC exposure

BD: bipolar disorder; EPS: extrapyramidal side effects; LAI: long-acting injectable; PP1M: 1-month paliperidone
palmitate injection; PP3M: 3-month paliperidone palmitate injection; SC: serum concentration; SSD: schizophrenia
spectrum disorders; TRR: therapeutic reference range.

3.3.4. Extreme Body Weight

Weight can have a significant impact on pharmacokinetics, determining alterations,
particularly in volume distribution and excretion. However, body weight impact on
psychotropic drugs serum concentration is variable and often not of clinically valuable
significance; therefore, no on-label specific indication for weight-adjusted dosage is reported
for most drugs. Nevertheless, body weight can represent a relevant cause of scarcely
predictable concentration/dose ratio, both at the population or individual levels, and
abnormal weight is therefore comprised in the AGNP guidelines recommendations for
TDM [2].

Obesity

A recent study by An et al. conducted on overweight patients receiving olanzapine
showed that body weight significantly influences serum concentration, volume distribution,
and elimination rate in the Chinese population [105]. Similarly, high BMI can relevantly
impact clozapine serum concentration through the augmentation of volume distribution
and hepatic enzyme activity alterations, finally resulting in a decrease in clozapine clearance
and more elevated plasma levels and concentration/dose ratio [53,110]. Conversely, the
concentration/dose (C/D) ratio observed in obese patients receiving PP1M was lower
compared to the whole sample [35]. Recently, a clinical study on a real-world population
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of patients with mania has confirmed the role of body weight in influencing sodium
valproate serum concentrations, with an augmented clearance in overweight patients [111].
Similarly, a negative correlation between weight and venlafaxine C/D ratio and between
BMI and venlafaxine serum concentrations has been observed [112,113]. Overall, these
studies confirm the findings on which guideline recommendations are based, stressing the
importance of TDM in overweight patients and over-significant weight variation in the
same patient.

Low Body Weight and Eating Disorders

Low BMI and/or the presence of an eating disorder can determine highly relevant
alterations in drug absorption, distribution, and metabolism. Although abnormally low
body weight represents a specific indication for TDM, and its application in eating disorders
comprising extremely low body weight patients is potentially beneficial, relevant literature
evidence is lacking. No specific body-normalized reference ranges are available for un-
derweight patients, and pharmacologic treatment is mostly empirically conducted [2,113].
Besides a plea for new clinical studies on TDM in low-weight patients and in eating dis-
orders, we found only one work on this issue [112]. It included patients with BMI below
20 kg/m2 and observed that sex, and not BMI or weight, could relevantly influence ven-
lafaxine metabolism in the subgroup of low-weight patients, determining higher C/D
levels of venlafaxine and its active moiety [112]. Original studies on the role of TDM in
patients with abnormal weight are listed in Table 7.

Table 7. Original articles on the use of TDM in patients with abnormal body weight.

Study Study Design Drugs n Age Sample
Characteristics Diagnosis Outcome

An et al., 2021
[105] Retrospective Olanzapine 185 18–87 (range) Chinese population Schizophrenia

High body weight associated
with ↓ olanzapine and

n-desmethylolanzapine SC

Diaz et al.,
2017 [53]

Retrospective
analysis of data

from RCT
Clozapine 47

45 ± 10
(mean ± SD),
28–62 (range)

Patients included in
RCT; ethnicity:

African Americans,
Caucasians

Schizophrenia Association between weight
gain and ↑ SC

Kuzin et al.,
2021 [110] Retrospective Clozapine 455 19–88 (range)

German database, in-
and outpatients,

ethnicity not stated
Not stated High BMI associated with ↑

clozapine SC and C/D ratio

Methaneethorn
et al.,

2017 [111]
Retrospective Valproic acid 206 39.3 ± 13.1

(mean ± SD) Asian ethnicity BD, manic
episode

Reduced clearance in
overweight patients

Schoretsanitis
et al.,

2018 [112]
Retrospective Venlafaxine 737 45.4 ± 14.6

(mean ± SD)

German database, in-
and outpatients,

ethnicity not stated

SSD, mood
disorders, other

Negative correlation
between BMI and

venlafaxine active moiety SC,
O-desmethylvenlafaxine SC,
and venlafaxine C/D ratio

Warrings et al.,
2021 [113] Retrospective

Amitriptyline,
clozapine,
doxepin,

escitalopram,
mirtazapine,
quetiapine,
risperidone,
venlafaxine

1657
(whole
sample)

18–92 (range) In- and outpatients,
ethnicity not stated Not stated

Negative correlation
between BMI and

venlafaxine active moiety SC,
O-desmethylvenlafaxine SC

BD: bipolar disorder; BMI: body mass index; C/D: concentration/dose; SC: serum concentration; SSD: schizophre-
nia spectrum disorders.

3.3.5. Other Medical and Surgical Conditions That Might Influence Pharmacokinetics

Systemic diseases, especially those involving gastrointestinal, renal, and hepatic sys-
tems, can significantly modify most pharmacokinetics parameters. Although renal and
liver impairments are probably the most common clinical conditions that impact drug
exposure, we found only one relevant review subsequent to the AGNP guidelines issue.
It focuses on psychonephrology, i.e., the discipline that studies the connection between
mental and kidney health, and suggests that TDM may be a useful tool for adjusting the
dosage of psychotropic drugs appropriately in patients with renal disease and also in
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patients undergoing dialysis [114]. Therefore, we focused on systemic inflammation, HIV
infection, and post-surgical conditions, which are the topics about which recent studies
provided new significant insights.

Systemic diseases characterized by acute or chronic inflammation may significantly
impact drug pharmacokinetics parameters. This effect is mediated mainly through the
induction of the acute phase protein α1-acid glycoprotein and variation of other circulating
proteins, with consequently altered drug-binding capacity, and via the inhibition of CYP
enzyme synthesis mediated by inflammatory mediators such as interleukins 6 and 1,
and tumor necrosis factor α. In particular, the interrelationship between inflammation
and psychosis is a very intriguing and debated topic. On the one hand, infections and
immune system alterations have been implicated in the etiopathogenesis and course of
schizophrenia; on the other hand, schizophrenia itself appears to possibly have an influence
on the inflammatory status and immune system, with some biological parameters linked to
the immune functions prospectively representing possible biomarkers of psychotic disease
activity. Antipsychotics also have an impact on the immune system, their therapeutic effect
could be partially mediated by immunomodulation, and some of their adverse effects
are associated with immune system alterations (metabolic syndrome, myocarditis, and
pericarditis) [115].

In the presence of systemic disease, on the one hand, a reduced CYP1A2 activity may
increase clozapine blood levels and lead to potentially life-threatening toxicity, while on
the other hand, inflammatory status with a marked increase in α1-acid glycoprotein and
consequent reduction of unbound drug fraction may minimize adverse effects even in
the presence of high clozapine serum concentrations. This complex interaction between
inflammation and clozapine distribution and metabolism clinically results in an unstable
equilibrium that can determine the occurrence of very high blood levels in the absence of
relevant related symptoms [115]. This is in line with the results of our research that found
two clinical studies on psychiatric patients with systemic infection showing possible clear-
ance reduction and increased serum concentration of risperidone, clozapine, quetiapine,
and aripiprazole [116–118]. Considering the above, measurement of individual drug levels
over an episode of systemic inflammation, along with closer clinical monitoring of adverse
effects, is highly recommended.

Focusing on HIV infection, we found an observational study conducted by Courlet et al.
in HIV+ patients treated with escitalopram. It showed that over half of the patients might
have serum concentration under the TRR, highlighting relevant and scarcely predictable
interindividual variability, with a general tendency towards drug under-exposure, in which
drug–drug interaction appears to play a minimal role [119]. Finally, gastrointestinal surgery
leads to largely unpredictable alterations in drug absorption, along with subsequent pos-
sible body weight decreases and drug distribution volume variations. AGNP guidelines
recommend TDM in patients with gastrointestinal resection or bariatric surgery [2]. This
indication is confirmed by two studies included in the current review [120,121]. In par-
ticular, the observational study by Wallerstedt and Colleagues on patients undergoing
bariatric surgery demonstrated high inter-individual variability in drug blood levels, with
lower dose-adjusted serum concentrations of sertraline, mirtazapine, duloxetine, and citalo-
pram found after the intervention compared to pre-operatory values [120]. The other
work reported two cases of psychiatric patients subjected to bariatric surgery [120]. It
evidenced significant antipsychotic serum concentration variations after surgery and sug-
gested a role for long-acting antipsychotic treatment in this population [121]. Table 8 shows
original articles on TDM use in patients with systemic inflammation or other relevant
medical conditions.
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Table 8. Original articles on the use of TDM in patients with systemic inflammation or other medical
conditions.

Study Study Design Drugs n Age Sample Characteristics Diagnosis Outcome

Courlet et al.,
2019 [119] Retrospective Escitalopram 110 48, 36–56

(median, IQR)

Patients living with HIV,
control group of patients

not affected by HIV
Not stated

Escitalopram SC below
TRR in 56% of

HIV + patients; no
significant DDI with

antiretroviral
drug identified

Scherf-Clavel
et al.,

2020 [117]
Retrospective

Aripiprazole,
olanzapine,
quetiapine,
risperidone

Aripiprazole: 30,
olanzapine: 24,
quetiapine: 166,
risperidone: 45

18–85 (range)
In- and outpatients with

CRP
concentration ≥ 0.5 mg/dL

Not stated
Positive correlation

between elevated CRP
and quetiapine C/D

Zhang et al.,
2021 [116] Retrospective

Aripiprazole,
clozapine,

quetiapine,
risperidone

Aripiprazole: 13,
clozapine: 42,

quetiapine: 21,
risperidone: 36

16–76 (range)
Inpatients with

respiratory
tract infections

Not stated
Higher C/D ratios during

infection for all
drugs considered

C/D: concentration/dose; CRP: C-reactive protein; DDI: drug–drug interaction; SC: serum concentration; TRR:
therapeutic reference range.

3.4. Interactions with Psychotropic Drugs
3.4.1. Drug–Drug Interactions

In the real world, patients often receive more than one drug because they present
comorbid medical diseases or need psychotropic polypharmacotherapy. In both cases,
potentially relevant drug–drug interactions (DDI) may occur, especially when inhibitors
or inducers of drug-metabolizing enzymes are combined with compounds that are the
substrate of inhibited or induced enzymes. In these cases, TDM should support individual
dosing to ensure treatment efficacy and tolerability. Significantly, in a real-world study
on highly adherent patients in polypharmacotherapy, a very high rate of drugs under
exposition was found, with almost half of patients having psychotropic drug levels under
the therapeutic reference range. Once poor adherence risk is ruled out, polypharmacother-
apy stands as a very relevant factor in determining drug exposure, with a need for close
clinical monitoring and drug blood level assessment through TDM [122]. Moreover, even
when a clear relationship between the coadministration of enzyme inducers and monitored
drug’s blood levels are known, as, in the case of lamotrigine, real-world data show that
dose adjustments and TDM recommendations are rarely followed [123]. A systematic
treatise of drug–drug interactions (DDI) on psychotropic treatments is already presented in
previous studies [2,11,13–15] and goes beyond the scope of this article. However, we will
synthetically focus on the latest evidence, providing an update to the above-cited works.

TDM studies on antipsychotics revealed significant DDI between risperidone and
perazine, levomepromazine, melperone, and pipamperone [124,125]. Valproate comedica-
tion resulted in decreased olanzapine concentration of up to 40% when adjusting by dose
and weight [104]. Coadministration of aripiprazole and other antipsychotics (clozapine,
risperidone, quetiapine, and olanzapine) resulted in lower aripiprazole concentration/dose
ratios [126]. In patients receiving valproic acid and clozapine, a significant impact on cloza-
pine metabolism was observed, with reduced absolute and dose-adjusted norclozapine
serum concentrations [127,128]. Conversely, no relevant effect of sertraline nor panto-
prazole comedication was observed on clozapine metabolism [93,94]. Finally, a recent
observational study demonstrated a negative relationship between vitamin D levels and
dose-adjusted antipsychotic drug concentrations, particularly pronounced for drugs pre-
dominantly metabolized by the CYP3A4 (e.g., aripiprazole and quetiapine) [129]. This
seems to be due to vitamin D-mediated induction of CYP3A4 [129].

Regarding antidepressants, a significant interaction between sertraline and metami-
zole was identified, resulting in a decrease in sertraline levels [130]. Venlafaxine metabolism
appears to be reduced by quetiapine, frequently employed as augmentation therapy in
depression, with higher O-desmethylvenlafaxine and venlafaxine active moiety levels ob-
served [131]. Omeprazole and pantoprazole also showed an inhibitory effect on venlafaxine
metabolism [132]. A prospective study on fluoxetine, assessing both drug concentrations
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and clinical response, revealed an association between depressive symptoms and the pres-
ence of CYP2D6 inhibition due to a co-administered drug [133]. We found some studies
that demonstrated specific DDIs [124–135]; however, it has to be considered that significant
variations of drug blood concentrations observed in most of the reported studies are not
necessarily associated with altered clinical efficacy or tolerability, and further research is
needed to determine the clinical relevance of observed interactions.

3.4.2. Drug–Smoke Interaction

Although smoking habits are not directly reported in AGNP guidelines and TDM
recommendations, smoke can have a large impact on drug metabolism. Smoking directly
induces hepatic CYP1A2; therefore, patients receiving drugs that are CYP1A2 substrates
may show reduced drug blood levels. To help clinicians’ decision-making, it has to be
kept in mind that an average of 10 cigarettes per day is sufficient to reach the maximum
of CYP1A2 induction so that variations in smoking habits, such as passing from 5 to
10 cigarettes a day or vice versa can be of clinical relevance, whereas changes from 10 to 20 or
more do not imply significant pharmacokinetic changes. Moreover, electronic cigarettes or
nicotine patches do not have the same impact on CYP1AP activity, and therefore, changes in
patients’ habits from smoking to these products need to be considered. Other ways through
which smoke can affect drug metabolism and effects have also been hypothesized, such as
the effect of nicotine in altering brain-blood barrier permeability to drugs and epigenetic
and microbiome modifications [115]. An indirect relationship between smoke and low drug
serum concentration may also be present in psychiatric patients, as smoking is significantly
related to lower cognitive performance, global functioning, economic status, and poorer
prognosis [136–138]. These clinical and demographic characteristics may be associated
with lower illness insight and awareness of the need for treatment and consequent poor
adherence, as well as a higher prevalence of unhealthy lifestyles habits such as alcohol and
substance use, with the more frequent presence of comorbidities and co-medications and
possible drug–drug or drug–substance interactions [137,139]. This may finally result in
lower serum concentrations of psychopharmacological treatments in smokers, as confirmed
by a recent real-world study in an emergency setting [72].

The role of CYP1A2 induction is well studied for several drugs, i.e., olanzapine and
clozapine, and is reported in the review cited above [115]. Nevertheless, it is worth signaling
some more recent work confirming clinically relevant interactions between smoke and drug
plasma levels that were not previously adequately verified in clinical samples [140–143].
Considering the direct and indirect relationships between smoke and the finding of lower
drug serum concentrations found in smokers compared to non-smokers, TDM can be
a very useful clinical tool for this very frequent sub-population of people with mental
disorders. Studies conducted in naturalistic settings confirmed the role of smoke in reducing
duloxetine levels via induction of CYP1A2 [109], found no smoke impact on paliperidone
metabolism, and proved a beneficial effect of fluvoxamine augmentation in increasing
clozapine blood levels in smokers, neutralizing smoke effect on CYP1A2 activity [141,142].
Finally, a retrospective naturalistic study observed reduced amitriptyline and mirtazapine
serum concentrations in smokers, although CYP1A2 does not theoretically play a major
role in their metabolism, enlarging the possible role of CYP2C19 e CYP3A4 induction.
On the other hand, no differences between smokers and non-smokers were detected for
risperidone, about which CYP3A4 induction role in reducing its concentrations is still
debated [143].

3.4.3. Other Interactions

Drugs and smoke are obviously not the only factors involved in pharmacokinetic inter-
actions. Food and alcohol intake may significantly impact drug absorption and clearance.
Clinicians should be aware of food and alcohol’s role in influencing drug concentrations,
and food and alcohol intake habits need to be expressively addressed in clinical interviews.
Food may alter drug availability influencing absorption, as in the case of lurasidone and
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ziprasidone, whose absorption is increased by fatty food and through specific CYP induc-
tion or inhibition [2]. Similarly, alcohol use effects on drug metabolism may be mediated
by CYP2E1 induction or indirectly via the chronic liver or gastric alterations [2]. About this
topic, we found one retrospective observational study on the use of TDM for patients with
major depressive disorder and alcohol use disorder treated with escitalopram [144]. Ac-
cording to this study, alcohol dependence alone does not lead to pharmacokinetic changes
in the metabolism of escitalopram but altered liver function, in terms of elevated GGT in
combination with an AST/ALT ratio ≥ 1, does [144].

3.5. Pharmacogenetics and TDM

A systematic treatise of the topic would require a specific focus that goes beyond the
scope of this review. However, we provide a rapid overview of what is new after AGNP
guidelines on the combined use of TDM and pharmacogenetics testing.

3.5.1. Antipsychotics

A significant impact of CYP2D6 variants, namely nonfunctional variant alleles (CYP2D6*3,
*4, *4N, *5, *6, *7, *8, *11, *12, *13, *14A, *15, *36, *68) and the reduced function variant alleles
(CYP2D6 *2, *9, *10, *14B, *17, *29, *41) has been observed for several first and second-
generation antipsychotics [101–105]. In particular, a 3.9-fold increase in dose-adjusted
serum concentration of perphenazine, a 1.5-fold increase for zuclopenthixol, 1.6-fold for
risperidone, 1.4-fold for aripiprazole, and a significant increase for olanzapine in poor
metabolizers (PM, i.e., patients with only null alleles) compared with normal metabolizers
have been observed [145–149]. Conversely, risperidone treatment failure has been asso-
ciated with a CYP2D6 variant (CYP*2A, a variant with increased metabolic activity) or
multiple copies of CYP*1 or *35 (variants with normal activity) [146,150], while a higher
maximum dose of aripiprazole has been proposed for ultrarapid metabolizers (UM, i.e.,
patients with two CYP2D6*2A alleles or three or more normal activity alleles) [149,150].
Focusing on clozapine treatment failure due to increased metabolism, we found three origi-
nal contributions that adopted a pharmacogenetic approach. A genome-wide association
study revealed a possible role of a non-previously considered polymorphism in modulating
clozapine serum levels, namely the rs28379954 T > C polymorphism of the Nuclear Factor
IB (NFIB) gene, that links to DNA and favors DNA transcription by RNA polymerase II.
NFIB appears to be involved in the transcription of genes involved in clozapine metabolism,
leading to reduced clozapine levels [151]. A case report found a significant role of the
CYP1A2*1F variant in determining low clozapine level and clinical non-response [152],
while another case report of treatment failure with low clozapine blood level detected
highlighted the importance of considering clozapine metabolism as dependent on the
genetic profile of various CYP genes, such as CYP1A2, CYP3A4, CYP2C19, and CYP2D6,
and of UGT1A4 and ABCB1 genes [28].

3.5.2. Antidepressants and Other Psychotropic Drugs

About antidepressants, personalized dosing according to CYP2D6 and CYP2C19
variants has been proposed for several antidepressants and can be retrieved in specific
guidelines and reviews [13–15,153]. CYP2D6 variants are the same as described in the
antipsychotic subsection, while CYP2C19 variants are classified as follows: null activity
(CYP2C19*2, *3, *4, *5, *6, *7, *8, *10, *11), decreased activity (CYP2C19*2, *3, *4, *5, *6, *7,
*8, *10, *11), increased activity (CYP2C19*17). CYP2C19 PM are defined as people with
two null alleles, while CYP2C19 UM as those with two increased activity alleles [149].

Studies on a very large database confirmed the role of both CYP2D6 and CYP2C19 on
amitriptyline [154] and venlafaxine metabolism, with up to 13-fold dose-adjusted serum
concentration in patients with PM profiles for both CYPs [155], and a very low enzyme
function in CYP2D6*41 carriers has been observed [147,156]. A significant impact of
CYP2D6 has also been confirmed for fluoxetine, with an increase in fluoxetine serum
concentration and low norfluoxetine levels and norfluoxetine/fluoxetine ratio in PM and
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intermediate metabolizers (IM, i.e., patients with one normal activity allele with one null
activity allele or with two decreased activity alleles) [133,149].

Conversely, three recent studies focused on the CYP2C19*17 genetic variant that is
associated with the increased metabolic activity of the CYP. In detail, lower serum concen-
trations of venlafaxine without variations in terms of antidepressant response in patients
with one copy of the CYP2C19*17 genetic variant were found by Sherf-Clavel et al., while
Zastrozhin and Collaborators reported a negative association between the CYP2C19*17
genetic variant and the antidepressant efficacy and safety of escitalopram treatment without
a significant variation in the serum concentration of the drug in these subsample of pa-
tients [157,158]. Finally, a case report on a patient with scarce clinical response to bupropion
revealed a previously not observed in-vivo role of an alternative metabolic pathway via
CYP2C19, with UM status appearing related to low bupropion active moiety levels and
low efficacy [159].

With regard to other classes of psychotropic drugs used in psychiatry, we retrieved only
a study on depressed patients receiving lamotrigine as augmentation therapy that showed
no relevance of UDP-glucuronosyltransferase gene polymorphism and drug plasma con-
centration and work on a sample of patients with anxiety disorder and alcohol use disorder,
highlighting the impact of a specific polymorphism of CYP3A4 gene (99366316G > A)
in determining alprazolam higher efficacy and presence of adverse effects [160,161]. In
conclusion, the interplay between genetic profile, drug metabolism, C/D ratios, clinical
response, and adverse effects is complex and scarcely predictable at the individual level,
as it is the result of a complex multifactorial process based on genetic and non-genetic
variables which multiple genes involved in drug metabolism, transcellular transport, drug
receptors, and intracellular signaling need to be considered. AGNP guidelines recommend
TDM in the presence of a genetic peculiarity concerning drug metabolism [2]. This agrees
with the results of the studies summarized in which it has been evidenced as TDM and
pharmacogenomics combined can provide useful information on the effectiveness and
safety of psychoactive drugs [145–161].

3.6. Novel Approaches toward Minimally Invasive TDM

A variety of novel minimally invasive techniques receives growing interest as a
promising way to increase TDM implementation in clinical practice through procedures
with easy access, home or point-of-care availability, and user-friendly devices.

3.6.1. Dried Blood Spot Analysis (DBS)

Among the most studied procedures stands dried blood spot (DBS) analysis, generally
carried out through a simple finger prick. Sampling can be performed by the patient
himself at home or in points-of-care without the need of facilities usually needed for vena
punctures. DBS is more user-friendly compared to vena puncture and can be particularly
helpful in improving the elderly’s access to TDM since no displacement to a health care
center is required. According to the studies found in our research, DBS appears to be a
reliable tool in performing TDM of clozapine, ziprasidone, lamotrigine, valproate, lithium,
citalopram, fluoxetine, sertraline, venlafaxine, and vortioxetine [162–166]. Up to date, no
clinical validity has been reported for DBS analyses for TDM of risperidone, aripiprazole,
and pipamperone, and possible overestimation of clozapine and amitriptyline exposure
through DBS TDM compared to traditional TDM has been suggested [163,167]. Overall,
DBS has a generally lower sensitivity than traditional TDM based on blood levels and is
more subjected to pre-analytical and analytical bias related to the variability of hematocrit
values and to possible errors in remote sampling [163,167].

3.6.2. Volumetric Absorptive Microsampling (VAMS)

Novel promising microsampling techniques are emerging, such as VAMS. Its main
advantages, in comparison with DBS, are a more precise and accurate collection of blood
volumes, minimization of hematocrit effect on results, easier post-analytic sample manage-
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ment, and reduced costs [168]. Recent validation studies suggest that volumetric absorptive
microsampling (VAMS) and other microsampling procedures may be reliable and smart
techniques for TDM in psychiatry. In particular, blood, plasma, and oral fluid VAMS in
patients receiving, sertraline, fluoxetine, citalopram, or vortioxetine provided results in
valid agreement with those obtained with routinary methods [165]. Moreover, innovative
volumetric absorptive paper discs have been proposed for assessing levels of clozapine and
its metabolites, demonstrating good accuracy of the new methods [162,169].

VAMS and other innovative capillary microsampling procedures [166], feasibility,
accuracy, and reliability have been proven and clinically validated for several psychotropic
drugs [165,166,169–171]. VAMS stands today as a very promising mini-invasive TDM proce-
dure in terms of easy applicability and clinical reliability, making precision psychiatry closer.
Nevertheless, further studies with adequate clinical validation and a clear assessment of
agreement between plasma and DBS/VAMS monitoring methods are needed [163].

3.6.3. Oral Fluid Analysis

The oral fluid analysis represents another promising method toward an easily acces-
sible TDM: the collection is non-invasive, can be carried out at home, and allows simple
monitoring in patients for whom blood sampling can be problematic or undesirable. Data
indicating the potential utility of saliva TDM are available for clozapine, risperidone,
quetiapine, olanzapine, venlafaxine, lithium, valproate, carbamazepine, lamotrigine, and
methylphenidate [162,172–174]. A single study, on the contrary, found no validity in mon-
itoring amphetamine treatment in children and adolescents with ADHD through saliva
collection [175]. In conclusion, available data are still limited and heterogeneous as saliva
drug concentrations are generally lower than plasma, with consequent more complex
measuring. However, oral fluid analysis emerges as a promising instrument in assess-
ing treatment adherence for several psychotropic drugs comprising antipsychotics and
antidepressants [162,172–174,176].

3.6.4. Other Non- or Mini-Invasive Procedures

A further strand of TDM development with different methods, biological samples,
and intended uses has been the subject of some recent studies included in the current
review [177–182]. Completely non-invasive wearable devices have been developed for
TDM of lithium [177,178], and novel biosensors may constitute a reliable, cost-effective,
and point-of-care disposable alternative to current laboratory techniques [180,181]. More-
over, seminal fluid TDM could be helpful in managing reduced fertility in patients re-
ceiving antipsychotics or antidepressants [181]; hair testing can be a sensitive method
in assessing treatment adherence over a large timeframe, especially for lamotrigine and
carbamazepine [85]; and urine metabolites dosage represents a possible tool in assessing
compliance to novel antipsychotics treatment [182]. In summary, these are new technolo-
gies under development, but they may become the subject of future scientific studies and,
consequently, useful tools for clinical practice.

3.7. Towards Precision Pharmacotherapy in Psychiatry

Precision medicine is a healthcare approach that considers specific characteristics
of patients such as sex, age, genetics, metabolic, environment, lifestyle, etc., and of their
diseases (e.g., the genetic profile of a tumor) in order to provide a tailored therapeutic
intervention, maximizing treatment efficacy, minimizing toxicity and generally improving
the efficiency of healthcare systems. Treatment personalization needs reliable indicators of
the development and evolution of the disease and of treatment response, which can consist
of measurements of different biological traits through genetic and metabolic analysis or
bioimaging. The past decade has been characterized by specific efforts to achieve tailored
intervention in psychiatry. A new framework to define mental disorders according to
genetic, molecular, and neuronal pathways; physiological variables; and behavioral charac-
teristics has been proposed [183]. Ongoing efforts are produced to achieve satisfying clinical
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staging models for the most common and severe mental disorders in order to define disease
progression, predict prognosis, and allow tailored treatment [184,185]. Large-scale genetic
studies brought a growing body of information on the genetic basis of major psychiatric
disorders [186,187], and progress in neuroimaging and electrophysiology allows a more
exhaustive comprehension of pathological processes and of the role of treatments [188,189].
The large field of precision psychiatry comprises precision psychopharmacotherapy. Sev-
eral biomarkers have been identified as related to treatment outcomes and safety, namely
cytochrome P450s enzymes [190], genes, and proteins involved in DNA transcription and
RNA translation or in intracellular signaling and neurotransmission [191–194]. TDM stands
as a tile in this complex mosaic, enabling more precise employment of pharmacotherapy
through treatment personalization, especially when performed synergically with genetic
profiling, as seen in Section 3.5, in a variety of clinical conditions, such as treatment resis-
tance or pseudo-resistance, unforeseen adverse effects, pregnancy, limit ages, abnormally
high or low weight, presence of comorbidities or other pharmacological treatments. More-
over, mini-invasive TDM procedures appear to be a road to follow to extensively bring
precision pharmacotherapy into everyday clinical practice.

The principal limitations of this review are the non-systematic nature of the review,
which did not allow for accurate screening of the methodological quality of the included
records, and the choice to search exclusively the Web of Science platform and no other
databases such as PubMed. The main strength of this paper is the breadth of the topics
covered that provide a summary of the literature on the use of TDM in psychiatry since the
publication of the AGNP guidelines.

4. Conclusions

TDM receives growing research and clinical interest; however, it remains underem-
ployed in the real world. Among the reasons for its relatively limited use is a lack of
clear correlation between drug serum concentration and efficacy and tolerability, both in
the general population and even more in patients with specificities of drug metabolism.
Recent evidence, issued after the latest AGNP guidelines, help to shed light on some TDM
application field still scarcely explored. In particular, some recent studies demonstrate a
correlation between serum drug concentrations at the treatment start and clinical efficacy
and safety, especially for antipsychotics. This might help clinicians in making decisions on
early laboratory findings, possibly avoiding a trial-and-error approach. A similar result was
also obtained for first-line antidepressant treatments. Concerning populations with spe-
cific pharmacokinetic characteristics, the studies included in the current review confirmed
frequent alterations of serum drug concentrations in pregnant women, generally with a
progressive decrease over pregnancy and a relevant dose-adjusted concentration increase in
the elderly. As compared to adults, also in adolescents, several drugs result having different
dose-related concentrations. Pharmacogenetic analyses combined with TDM may help
clinicians in choosing more effective and safe psychopharmacologic treatments, addressing
therapy on an individual pharmacometabolic basis. Mini-invasive TDM procedures may
be easily performed at home or at a point-of-care level and may enhance the use of TDM
on a regular basis for many psychotropic drugs in different real-world settings.

Although the recent evidence summarized in this review, research efforts have to be
carried on: further studies are needed to replicate present findings and provide clearer
knowledge on relationships between dose, serum concentration, and efficacy/safety. To
accomplish this, prospective fixed-dose studies in the general population and in specific
populations with distinctive pharmacokinetic characteristics are needed. Furthermore,
a larger sample size of studies is required to obtain more accurate scientific evidence
with a good balance of statistical power and significance. These goals could be achieved,
for example, through consortia aimed at designing multicenter studies with a shared
methodology designed to expand knowledge about TDM in psychopharmacology. In
conclusion, an investment of economic resources aimed at conducting this kind of studies
and an effort to diffuse the knowledge on this topic in order to train psychiatrists on the
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proper use of TDM in a wider range of real-world contexts would allow clinicians and
patients to benefit from this precious technique.
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Abstract: Haloperidol is considered the first-line treatment for delirium in critically ill patients.
However, clinical evidence of efficacy is lacking and no pharmacokinetic studies have been performed
in intensive care unit (ICU) patients. The aim of this study was to establish a pharmacokinetic model
to describe the PK in this population to improve insight into dosing. One hundred and thirty-nine
samples from 22 patients were collected in a single-center study in adults with ICU delirium who
were treated with low-dose intravenous haloperidol (3–6 mg per day). We conducted a population
pharmacokinetic analysis using Nonlinear Mixed Effects Modelling (NONMEM). A one-compartment
model best described the data. The mean population estimates were 51.7 L/h (IIV 42.1%) for clearance
and 1490 L for the volume of distribution. The calculated half-life was around 22 h (12.3–29.73 h)
for an average patient. A negative correlation between C-Reactive Protein (CRP) and haloperidol
clearance was observed, where clearance decreased significantly with increasing CRP up to a CRP
concentration of 100 mg/L. This is the first step towards haloperidol precision dosing in ICU patients
and our results indicate a possible role of inflammation.

Keywords: haloperidol; pharmacokinetics; delirium; critical ill; ICU

1. Introduction

Delirium is quite common in intensive care unit (ICU) patients and is associated with
poor clinical prognosis [1–5]. Currently the treatment of delirium may include pharmaco-
logical agents, including antipsychotics, melatonin, alpha-2 agonists (dexmedetomidine
and clonidine), next to nonpharmacological interventions [6–8]. Among antipsychotics,
haloperidol is the most commonly used. However, clinical evidence for the effect of
haloperidol in decreasing ICU delirium is scarce [8–11]. Pharmacokinetics (PK) can play
an important role in understanding the effect of haloperidol in ICU patients. Critically ill
patients tend to show large differences in PK [12,13]. In the case of haloperidol, this may
lead to increased variability in haloperidol blood concentrations in ICU patients, compared
to non-ICU patients [14,15]. The variable PK might explain the variability in the effect,
hence adjusting the dose based on individual PK parameters might improve drug efficacy.
To understand more of this variability in blood concentrations, it is important to specifically
study the pharmacokinetics of haloperidol in ICU patients.

Previous studies in non-ICU populations have shown that haloperidol has typical
pharmacokinetic features of a lipophilic drug. It has high protein binding (90%), large
volume of distribution (Vd) (1000–3000 L), and is predominantly metabolized by the liver
and gut via glucuronidation (40–50%), CYP3A4 (25–30%), and CYP2D6 (25–30%) [15–18].
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Previous studies have shown that CYP2D6 genetic polymorphism influences the haloperi-
dol concentration levels in non-ICU patients [19,20]. For CYP3A4, the isoenzyme activity
caused concentration changes only at higher doses [21] The glucuronidation is a major
metabolism pathway of haloperidol [22], but only in vitro studies have shown that this
pathway might cause inter-individual concentration variance [23]. The change in volume
of distribution caused by pathophysiological changes is relatively small compared to hy-
drophilic drugs, but it is more susceptible to changes in drug clearance (CL) due to liver
function alteration.

The available pharmacokinetic parameters related to haloperidol are mainly from
studies in a healthy population or in non-critically ill patients with schizophrenia with rela-
tively small sample sizes (less than 10 patients). Only one study on Japanese psychopaths
included 218 patients [16,24–29]. Hence, the dosing strategy based on the parameters from
those models might not be suitable for ICU patients. The goal of this study is to better
understand the pharmacokinetics of haloperidol in critical care patients. Information on
pharmacokinetics by means of population PK modelling may support further efficacy
studies of haloperidol in critically ill patients.

2. Materials and Methods
2.1. Study Design

Data were collected at the adult ICU of Erasmus University Medical Centre (EMC),
Rotterdam, the Netherlands, during a 3-year period (between October 2014 and April 2017)
as previously described [30]. This study was conducted in accordance with the principles
of the Declaration of Helsinki (version: October 2008) and approved by the Institutional
Review Board (project identification code: MEC-2014-264, 21-Juli-2014, Medisch Ethische
Toetsings Commissie Erasmus MC), more details see Supplementary Materials File C.
Informed consent was obtained from each patients’ legally authorized representative given
all patients had delirium (see Supplementary Materials File D). Patients who developed
delirium received 1 mg every 8 h (q8h) by intravenous bolus infusion [or 0.5 mg q8h by
intravenous bolus infusion for patients aged ≥ 80 years or 2 mg q8h by intravenous bolus
infusion in case of agitation] within 8 h of delirium detection, which constituted the routine
regimen in the EMC for the treatment of ICU delirium at that time. The haloperidol dose
was decreased if the Intensive Care Delirium Screening Checklist (ICDSC) score, a validated
screening tool for delirium, was below or equal to 3 for more than 24 h, and was ceased if
the ICDSC was below or equal to 3 for more than another 24 h.

2.2. Data Collection

Samples were collected and determined on days 2, 3, 4, 5, and 6 (end of study) each
morning before haloperidol was dosed or discontinued according to protocol standards,
or in participants who were discharged from ICU or transferred to another hospital.. The
pharmacokinetic modeling was performed at day 2 (t = 0–1 h, t = 2–3 h, t = 4–5 h, t = 6–8 h).
Serum samples were collected in EDTA tubes. Samples were collected from the arterial
line in a strictly standard manner (according to ICU protocol) by ICU nursing staff and
therefore we expect no infection risk. The samples were immediately sent to the laboratory
of the hospital pharmacy and stored at −80 ◦C and then thawed at room temperature
before analyzing. Levels of albumin, creatinine, urea, bilirubin, and C-reactive protein
(CRP) where measured in LiHep plasma (Barricor Vacutainer, BD, Franklin Lakes, NY,
USA, Belgium) on a routine chemistry analyzer (Cobas 8000, Roche Diagnostics, Basel,
Switzerland). Additionally, white blood cell-(WBC) and platelet count were analyzed
according to standard clinical care in the ICU in whole blood (K2EDTA Vacutainer, Franklin
Lakes, NY, USA) on a routine hematology analyzer (XN9000, Sysmex, Kobe, Japan).

Serum haloperidol concentrations were analyzed via validated Liquid Chromatog-
raphy tandem Mass Spectrometry (Waters Corporation, Milford, MA, USA) (see Supple-
mentary Materials File E). We determined linearity, lower limit of quantitation (LLOQ),
upper limit of quantitation (ULOQ). The method was validated according to Food and
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Drug Administration(FDA)/European Medicines Agency (EMA) guidelines [31,32]. The
2.1 × 100 mm Waters Acquity UPLC BEH C18 1.7 µm column (cat no. 186002352) was
used in combination with optimized chromatographic conditions. To suit the validation
parameters for analytical validation, a shorter runtime of 5 min and the use of two elu-
ents with changing percentage was tested. In addition, we optimized the method for a
higher sensitivity and selectivity, according to the standard procedure for validation of our
method. The LLOQ was set at 0.5 µg/L and the ULOQ at 20 µg/L. Other parameters that
were collected were age, gender, ethnic origin, Body Mass Index (BMI), Acute Physiology
and Chronic Health Evaluation (APACHE) III score, Intensive Care Delirium Screening
Checklist (ICDSC) score at start of haloperidol, quetiapine exposure, additional drug use,
CYP450 status, admission reason, length of ICU stay, amount of blood samples collected,
and outcome.

2.3. Data Analysis

The pharmacokinetic analysis of haloperidol was performed using the nonlinear effects
modeling approach in NONMEM® first-order conditional estimates (FOCE) with interac-
tion [version 7.4, ICON, Development Solutions, MD, USA], Pirana version 2.9.9 (Certara,
Princeton, NJ, USA), and data were further analyzed in R version 4.0.5 (R Foundation for
Statistical Computing, Vienna, Austria). All the concentration data were log-transformed.
A one-compartment model was fitted to the data. Subsequently, more complex models
were tested. The model fit was evaluated both numerically by the precision of the estimated
PK parameters and the change in the objective function values (dOFV), and visually by
goodness-of-fit plots (GoF) and visual predictive checks (VPC). For the covariate analysis,
the stepwise covariate modeling with forward inclusion-backward elimination method
was applied [33]. In the forward process, a 3.84-point decrease in OFV for one degree of
freedom was considered a significant improvement of the model with a p-value of <0.05.
For the backward elimination process, the statistical criterion was set to an increase of OFV
to 6.64 for covariate selection. A constant error model was used on the log transformed data
to describe the residual error in the model predicted plasma concentrations. Age, gender,
length, weight, BMI, BSA, CYP3A4, CYP2D6, CPR, creatinine, albumin, bilirubin, APACHE
III, SOFA, ASAT, ALAT, potential interaction drugs (including erythromycin, amiodarone,
metoprolol, metoclopramide, voriconazole, and fluconazole), WBC, and platelet count
were tested as covariates. CYP3A4 and CYP2D6 patient genotyping was performed using
Autogenomics INFINITY genotyping platform (Carlsbad, CA, USA) and relevant alleles
present and gene duplication were detected. Patients were classified according to the
number of active enzyme alleles present: poor metabolizers (PM; two defective alleles),
intermediate metabolizers (IM, 2 decreased activity alleles or 1 active and 1 inactive allele),
extensive metabolizers (EM), and ultra-rapid metabolizers (UM, gene duplication positive
in the absence of a CYP2D6 null allele).

2.4. Model Simulation

To show an illustration of the covariate effect on the plasma concentrations of haloperi-
dol, deterministic simulations were performed by using NONMEM. The haloperidol
plasma concentrations under different covariates were simulated over a time course of 72 h
(last dose at 72 h) and intravenous bolus doses were administered every 8 h. The median
and 90% confidence interval are shown graphically.

3. Results
3.1. Study Population

An overview of all patient characteristics is presented in Table 1. A total of 22 critically
ill adult patients were enrolled in the study; 54.5% of the patients were male, median age
was 67 years (range from 48 to 77), median BMI was 27 (range from 18 to 39) m2, median
APACHE III score was 80.5 (range from 54 to 181), median length of ICU stay was 16 days
(range from 2 to 63). Main reasons for ICU admission were surgery (n = 7; 32%), sepsis
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(n = 3; 14%), respiratory failure (n = 3; 14%), and vascular aneurysm (n = 2; 9%). For the
CYP2D6 status: extensive metabolizers (n = 12, 54%), intermediate metabolizers (n = 7,
32%), and poor metabolizers (PM) (n = 3, 14%). No ultra-rapid metabolizers were detected.
For the CYP3A4 status: extensive metabolizers (n = 18, 82%) and intermediate metabolizers
(n = 4, 18%). No ultra-rapid metabolizers or PMs were detected. Of the 22 patients, eleven
patients died (50%), of which six during the ICU stay, four after ICU discharge and one
after transfer to another hospital.

Table 1. Patient characteristics over the time course of the study.

Characteristics N = 22

Age, years (median, range) 67 (48–77)
Male, n(%) 12 (54.5)
Female, n(%) 10 (45.5)
Weight, kg (median, range) 80 (52–137)
Ethnic origin, n (%)

Caucasian 22 (100)
BMI (median, range) 27 (18–39)
Primary reason for ICU admission, n (%)

Surgery 7 (32%)
Respiratory failure 3 (14%)
Sepsis 3 (14%)
Vascular aneurysm 2 (9%)

Blood chemistry, serum levels at admission (median, range)
Albumin, g/L 26 (6–47)
Creatinine, µmol/L 130 (32–401)
Urea, mmol/L 13(4–46)
Bilirubin, µmol/L 14 (3–754)
CRP, mg/L 171 (4.1–368)

CYP2D6 n (%)
Extensive metabolizers 12 (54%)
Intermediate metabolizers 7 (32%)
Poor metabolizers 3 (14%)

CYP3A4 n (%)
Extensive metabolizers 18 (82%)
Intermediate metabolizers 4 (12%)

Quetiapine exposure n(%) 5 (22.7%)
APACHE III score median (range) 81 (76–99)
ICDSC baseline median (range) 4 (1–6)
Duration of stay (during using halo), days (median, range) 6.5 (3–8)
Died in ICU, n (%) 11 (50)
Cause of death

Respiratory failure (During ICU) 1
Sepsis with multiple organ failure (During ICU) 4
Cardiac causes (after ICU) 2
Gastrointestinal causes (after ICU) 2
Respiratory insufficiency (transferred to another hospital) 1
Unknown (transferred to another hospital) 1

Blood samples collected, median (range) 7.5 (3–8)
APACHE: Acute Physiology and Chronic Health Evaluation, BMI: Body mass index, CRP: C-reactive protein,
ICDSC: Intensive Care Delirium Screening Checklist, ICU: intensive care unit.

Total daily intravenous doses of haloperidol ranged from 1.5 to 6 mg. A total of
145 blood samples were collected and a total of 6 concentrations were censored due to
sampling errors (sampling during the haloperidol infusion).

3.2. Structural Model

The logarithmic transformed concentration data were best described by a one-compart-
ment model with an additive residual error. Inter-individual variability (IIV) was included
on CL. The final structural model was used for covariate analysis. Stepwise (forward and
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backward screening) model building strategies were implemented to identify potential
covariates, explaining the between-subject variability in model parameters, equations, and
model codes (Supplementary Materials Files A and B, respectively).

The potential covariates (age, gender, length, weight, BMI, BSA, CYP3A4, CYP2D6,
CPR, creatinine, albumin, bilirubin, APACHE III, SOFA, ASAT, ALAT, potential interaction
drugs (including erythromycin, amiodarone, metoprolol, metoclopramide, voriconazole
and fluconazole), WBC, and platelet) were screened. For continuous variables such as
WBC, CRP, and weight, we used the value divided by the median as covariate on the
clearance. For categorical variables like gender, CYP3A4, and CYP2D6 polymorphism, we
gave different variables a value and multiplied it with typical haloperidol clearance value.
Only CRP on CL resulted in a significant improvement of model fit, with a drop in OFV
of 7.533 and a decrease in IIV on CL from 40.4% to 29.9%. Adding CRP into the equation
decreased the objective function value (OFV) from −49.32 to −56.81 (dOFV = −7.49), which
explained 31% of the IIV on CL. An overview of all parameter estimates is given in Table 2.
The clearance of haloperidol is 51.7 L/h and it has a large volume of distribution (1490 L).
CRP was able to significantly decrease the variance in CL, as is shown in Figure 1. When
CRP was incorporated as a covariate into the final model, the ETA decreased and became
more evenly distributed.

Table 2. Population pharmacokinetic parameters for base and final models.

Parameter Base
Model RSE% Shrinkage% Final

Model RSE% Shrinkage%

Bootstrap of the Final Model

Median
90%

Percentile
(Lower)

90%
Percentile
(Upper)

CL (L/h) 54.6 11 51.7 12 50.64 39.65 63.74
Vd (L) 1450 29 1490 31 1522.05 893.6 2305.2
CRP −0.23 50 −0.21 −0.02 −0.42

IIV-CL (%) 40.4% 31 15 29.9% 27 24
Residual variability 0.457 9 6 0.461 9 5 0.446 0.382 0.54

CRP: C-reactive protein, CL: clearance, IIV-CL: inter-variability on clearance, Vd: volume of distribution.
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Figure 1. ETA of CL versus CRP: (a) ETA versus CRP in the base model; (b) ETA versus CRP in the
final model. CRP: C−reactive protein.
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3.3. Model Evaluation

Figure 2 shows that both the population predictions (PRED) and the individual pre-
dictions (IPRED) were evenly distributed around the uniform line when plotted versus
observed concentrations (DV). The weighted residuals were symmetrically distributed
throughout the time after dose and prediction errors were predominantly within two
standard deviations. Figure 3 shows the covariate CRP on the effect of haloperidol clear-
ance. There is a negative relationship between the clearance and CRP; the relationship
disappeared with CRP above 100 mg/L.
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Figure 2. Basic goodness of fit plots for the final model: population predictive concentration versus
observed concentration (DV) (upper left); individual predictive concentration versus observed
concentration (DV) (upper right); time after dose versus individual weighted residuals (IWRES)
(lower left); time after dose versus conditional weighted residuals (CWRES) (lower right). CWRES:
conditional weighted residuals, DV: dependent variable, IWRES: individual weighted residuals.
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The results of the bootstrap (n = 1000) were in accordance with the estimates of the
original model data. A visual predictive check (VPC) was executed (Figure 4) to validate
the model by simulating 1000 data sets, comparing the observed concentration with the
distribution of simulated concentrations [34]. Figure 4 shows the VPC results and the
model fitted well.
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3.4. Simulations

The simulation results of the concentration under 1 mg of intravenous administered
haloperidol every 8 h are shown in Figure 5. In Figure 5a, the concentration of the haloperi-
dol increased from 1 ng/L to 2 ng/L when the CRP increased from 5 mg/L to 100 mg/L.
Figure 5b shows two different simulation patients—in the left graph, a change in CRP from
5 mg/L to 100 mg/L during unaltered haloperidol dosing; the right is the opposite with
CRP changing from 100 mg/L to 5 mg/L. The latter requires a longer time to reach a steady
state of haloperidol concentration.
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final model to simulate concentration with different CRP levels (5, 20, 50, 100 mg/L), (b) shows two
different simulations—on the left, an increase in CRP from 5 mg/L to 100 mg/L while on the right an
increase in CRP from 100 mg/L to 5 mg/L; the increasing/decreasing rate is 20 mg/L per 12 h. All
haloperidol simulations are performed at a dose of 1 mg q8h up until 72 h, the median concentrations
are used to plot the simulation. CRP: C-reactive protein.

4. Discussion

This is the first study describing the pharmacokinetics of low dose haloperidol in adult
critically ill patients. A one-compartment model adequately described the pharmacoki-
netics of haloperidol with good accuracy. The most interesting finding was the negative
correlation between clearance and CRP levels (as long as it remained below 100 mg/L).
This may indicate that a low level of inflammation may play a role in the pharmacokinetics
of haloperidol.

The PK parameters of haloperidol from our final model were CL (51.7 L/h), Vd
(1490 L), and t1/2 (22 h), which is similar to a previous report [29]. The negative effect
of increased CRP on CL reached its maximum at around 50 mg/L to 100 mg/L after
which CL did not decrease with further increasing CRP concentrations. It has been proven
that inflammation influences the PK of many drugs (midazolam, irinotecan, clozapine,
quetiapine, risperidone, voriconazole, perampanel) by changing the distribution of volume,
influencing the enzyme activity and hepatic/renal blood flow and thus influencing the
drug metabolism and excretion [35–42]. The phenomenon of CRPs negative relationship
with haloperidol concentration in our study implies that inflammation can influence the
clearance of haloperidol in ways other than liver function, as no significant correlation
was found between clearance and liver function indicators (ASAT, ALAT, serum bilirubin),
which is similar to the results of L.G. Franken et al. (28). However, other inflammatory
markers such as leukocytes and platelets did not show any correlation in our study. The
clearance did not further decrease with increased CRP, which is probably because the
inflammation effect on clearance had reached its max effects. So far, we have no clear
explanation for this phenomenon and unfortunately, there are no other data available on
this topic.

The CRP could help us better estimate drug exposure and lead to more precise in-
dividual dosing. In lower levels of inflammation, generally indicating less sick patients,
relatively lower CRP levels might require higher drug dosing versus higher CRP levels,
given that lower CRP results in lower trough levels. This is indeed a clinically relevant
signal, but requiring confirmation and external validation. Another important issue is that
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the haloperidol therapeutic target concentration remains unknown with respect to delirium
and requires additional research as well.

Besides the possible association between CRP and clearance, the pharmacokinetics
parameters (CL = 51.7 L/h, V = 1490 L) of our study are similar to the results of previously
published haloperidol models (CL range from 42.4 L/h to 88 L/h, V range from 2060 L
to 3169 L) in a healthy population and studies on schizophrenia [29,43]. Furthermore, we
found no correlation between clearance and other factors, such as co-medication or different
CYP genotypes. However, other covariates, such as bodyweight, which were shown to
be important in other studies [43,44], did not show significant associations with clearance
in our study. This is most likely due to the limited number of patients, the low dose of
haloperidol, and limited samples, in combination with the heterogeneous population in
the ICU. On the other hand, the parameters in our study differ considerably from the
parameters (CL = 29.3 L/h, V = 1260 L) of studies on terminally ill patients [28]. This
difference might be explained by the impaired (reduced) liver function (liver capacity) of
terminally ill patients, resulting in a decreased haloperidol clearance.

One limitation of our study was the limited number of patients, which might ex-
plain why some potential important covariates did not show significance in our model.
Furthermore, the published haloperidol population models all use the two-compartment
model; however, in this study, owing to the small dataset, we were unable to accurately
describe a peripheral compartment and inter-compartmental clearance. However, the
one-compartment model fit the data well. Furthermore, we did not look at the pharmacody-
namic effect so we could not link the concentration to the haloperidol toxicity and delirium
symptom relief, since the therapeutic target of haloperidol is unknown. In addition, we
only detected the whole blood concentration, not the free fraction of the haloperidol. Future
research should also take this into account.

It is necessary to find more accurate delirium severity related markers or clinical scores
which could explore the haloperidol concentration and its effect/response relationship and
whether the pharmacokinetic data could be extrapolated to higher doses/concentration
range. Further studies on pharmacokinetics and pharmacodynamics of higher-dosed
haloperidol in ICU patients with delirium are warranted in order to more accurately
assess efficacy.

5. Conclusions

This study describes the pharmacokinetics of low dose haloperidol in critically ill
patients with adequate accuracy and showed that clearance is negatively related to CRP at
low levels (0–100 mg/L), which seems to indicate a role of inflammation on haloperidol
pharmacokinetics.
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Abstract: Drugs modulating the cystic fibrosis transmembrane conductance regulator (CFTR) protein,
namely ivacaftor, lumacaftor, tezacaftor, and elexacaftor, are currently revolutionizing the manage-
ment of patients with cystic fibrosis (CF), particularly those with at least one F508del variant (up to 85%
of patients). These “caftor” drugs are mainly metabolized by cytochromes P450 3A, whose enzymatic
activity is influenced by environmental factors, and are sensitive to inhibition and induction. Hence,
CFTR modulators are characterized by an important interindividual pharmacokinetic variability and
are also prone to drug–drug interactions. However, these CFTR modulators are given at standardized
dosages, while they meet all criteria for a formal therapeutic drug monitoring (TDM) program that
should be considered in cases of clinical toxicity, less-than-expected clinical response, drug or food
interactions, distinct patient subgroups (i.e., pediatrics), and for monitoring short-term adherence.
While the information on CFTR drug exposure–clinical response relationships is still limited, we
review the current evidence of the potential interest in the TDM of caftor drugs in real-life settings.

Keywords: TDM; therapeutic drug monitoring; plasma level; PK/PD; dose–effect relationship; cystic
fibrosis; LC–MS/MS; CFTR modulators; caftor; ivacaftor; lumacaftor; tezacaftor; elexacaftor

1. Introduction

Cystic fibrosis (CF) is an autosomal recessive genetic disease caused by variants of the
gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) protein,
which affects about 1 of 2700 newborns [1]. The most frequent variant is F508del. which
is found in 85% of patients [2]. Until recently, treatments of the disease were mostly
symptomatic focusing on the consequences of the disease (e.g., mucolytics, antibiotics,
pancreatic enzymes, etc.).

Following the discovery of the CFTR gene 30 years ago, great hopes were placed
on gene therapy, which is still the subject of significant research, yet without any clinical
application being planned in the near future. On the other hand, in the last decade, several
molecules called “CFTR modulators” (also nicknamed “caftors”), which partially restore
the activity of the CFTR protein, have been developed and are now increasingly used for
alleviating the clinical conditions of many CF patients.

These drugs may remedy, in part, the intracellular destruction and/or the mal-
function of the CFTR protein and reveal spectacular benefits in terms of respiratory
function, nutrition, and quality of life for individuals with CF. The clinical profile is

Pharmaceutics 2022, 14, 1674. https://doi.org/10.3390/pharmaceutics14081674 https://www.mdpi.com/journal/pharmaceutics
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reported to be safe, with most adverse effects being mild to moderate. These new med-
ical breakthroughs are, however, extremely expensive (≈CHF 170.000/year/patient)
and target only certain CFTR variants [3,4], with limitations regarding the age of the
patient and the clinical severity of the disease. Their precise mechanisms of action
are yet unknown, and currently, four caftors are registered, all developed by the same
pharmaceutical company.

Ivacaftor (VX-770, IVA) is the first caftor and was launched in 2012, marketed
as Kalydeco®. It is the only registered so-called “potentiator” and targets the G551D
variant and other variants that affect the gating of CFTR [2]. In order for IVA to have
an effect, CFTR proteins must be present on the cell surface. It binds and potenti-
ates CFTR function by promoting decoupling between ATP hydrolysis and gating
cycles [4–6]. IVA is prescribed as monotherapy for certain CFTR variants or in combi-
nation with corrector(s).

To date, three drugs designated as “correctors” are registered and used only in combi-
nation with IVA.

Lumacaftor (VX-809, LUM) is a first-generation corrector. It acts similarly to a chaper-
one, which influences the folding of CFTR in the F508del-expressing cell line, resulting in
the stabilization of CFTR conformation and translocation to the surface. The combination
LUM/IVA (Orkambi®) is only approved for F508del homozygous patients [3,7]

The second drug, tezacaftor (VX-661, TEZ), in vitro improves the processing and
translocation of normal CFTR and certain variants, which leads to an increase in mature
CFTR protein on the cell surface. The combination TEZ/IVA (Symkevi®, Symdeko®)
is approved for homozygous and heterozygous F508del variants in combination with a
specific “residual function” variant in the second CFTR allele [3,4,8].

Finally, elexacaftor (VX-445, ELX), a third-generation corrector, has only very recently
become available (end of 2019 in the USA and early 2021 in Europe). It is exclusively used
in a combination with TEZ and IVA. ELX in vitro improves the processing and transport of
CFTR protein variants but binds to other sites of the CFTR protein than TEZ. The new three-
drug combination ELX/TEZ/IVA marketed as Kaftrio® or Trikafta® has been reported to
provide a more pronounced functional improvement in F508del and other variants than
that observed with TEZ/IVA [3,4].

TEZ, ELX, and IVA are extensively metabolized by cytochromes P450 3A (CYP3A),
characterized by significant variability in expression and activity levels that are notably
influenced by environmental factors, and are also likely to be inhibited or induced by
various drugs and xenobiotics.

Blood concentration measurement has become one of the very relevant clinical tools
to optimize the therapeutic use of critical drugs through adjustment of drug exposure via
a therapeutic drug monitoring (TDM) program. The criteria for drugs to be candidates
for TDM include significant interindividual pharmacokinetic (PK) variability, poorly pre-
dictable from individual patients’ characteristics [9,10], and plasma concentration-response
and/or toxicity relationships, defining the plasma concentration ranges associated with
optimal efficacy and minimal toxicity.

As the information on CFTR drug exposure–clinical response relationships is still
scarce, we aimed to perform a comprehensive review of the current lines of evidence for
the potential interest in TDM of caftor drugs by exploiting (i) the data on PK variability and
drug exposition retrieved from registration files (Tables 1 and 2) and (ii) PK data currently
reported in a limited number of publications, case series, case reports, and conference
abstracts from real-life settings (Table 3).
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Table 1. Relevant pharmacokinetics parameters for the 4 currently approved CFTR modulators [11].

ELX TEZ IVA LUM

Tmax (h) 6 3 4 4

AUC fold- increased with
fat containing food 1.9–2.5 1 2.5–4 2

% bound to plasma protein 99 99 99 99

Distribution volume (L) 53.7 82 293 96

Enzymes/transporters
involved in metabolism CYP3A, P–gp CYP3A, UGT CYP3A (CYP3A) c

Active metabolites

M23–445 similar
potency of ELX.

M1–TEZ similar
potency of TEZ. M1–IVA 1/6

potency of IVA.
M1–LUM 1/6
potency of LUM.AUC ratio

metabolite/parent:
35–50%

AUC ratio
metabolite/parent: 35%

Half-life (h) 27 25 15 26

Elimination 97% faeces 72% faeces 88% faeces 51% faeces

Hepatic function a Higher exposure of ELX, TEZ, IVA, LUM is expected in patients with moderate (Child–Pugh Class
B, score 7 to 9), and severe hepatic impairment (Child–Pugh Class B, score 10–15).

DDI Perpetrator b n/a n/a Weak CYP3A and
P–gp inhibitor

Strong CYP3A
inducer; CYP2C9 d,
CYP2C19 d, CYP2B6
d and UGT e inducers

Victim DDI with strong b

CYP3A inhibitor
AUC 2.8x incr. AUC 4.5x incr. AUC 11x incr. n/a

Victime DDI with strong
CYP3A inducer b

Co-administration of strong CYP3A inducers (ex: rifampicin) is not
recommended n/a

n/a: not applicable. a Data available only for adult patients, b See “Section 3.6 Drug–Drug Interactions” for
perpetrator and victim DDIs, c Not extensively metabolized—the majority of LUM is excreted unchanged, d King
et al. 2022 [12], e Dagenais et al. 2020 [13].
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2. Methods

For this review, we searched PubMed for publications and conference proceedings.
We used the search terms “ivacaftor”, “tezacaftor”, “lumacaftor”, “elexacaftor”, “cystic
fibrosis”, and “CFTR modulators” in combination with the specific terms “therapeutic drug
monitoring (TDM)”, “area under the curve (AUC)”, “plasma level”, “plasma concentra-
tion”, “pharmacokinetic”, “dose–response”, and “dose–response relationship”, covering
the literature from 2012 (i.e., first caftor launched) to 31 May 2022.

Besides the registration files, any studies (i.e., observational, case series, and case
reports) were selected if participants received at least one marketed caftor, either from
a real-life setting or trials published after the latest caftor registration (i.e., 2021), or any
studies including children below the minimum recommended age in the registration file
(i.e., Trikafta < 6 years). Supportive data from applications to drug registration agencies
(FDA, EMA) regarding the PK, pharmacodynamics (PD), and PK/PD studies of CFTR
modulators were also included.

3. Results

The PK parameters of the four currently approved caftors are given in Tables 1 and 2.

3.1. Pharmacokinetics of CFTR Modulator Drugs

In general, PK parameters are calculated based on the concentrations measured in
blood or plasma, compartments that are easily accessible and minimally invasive for
patients. Presently, very little information is available on the plasma exposition and steady-
state plasma concentrations of caftors in monotherapy and in the different combinations
(i.e., ivacaftor, ivacaftor–lumacaftor, ivacaftor−tezacaftor, and ivacaftor−tezacaftor−elexacaftor)
achievable in patients under the currently recommended dosage regimens.

In fact, out of a total of 57 studies summarized in a systematic review on the real-
world outcomes of IVA, the first and most studied caftor, none have analyzed IVA plasma
levels as an outcome [23]. Currently, for the newest marketed combination ELX/TEZ/IVA,
there are barely any published real-world observational PK studies [24,25]. Two large
ongoing multicenter observational studies, namely RECOVER (Ireland and the UK) and
PROMISE (USA), will shed some light on this combination. Blood collection for biomarker
analyses is planned in the RECOVER study but, to the best of our knowledge, does not
include caftor drug plasma levels [12]. However, the quantification of caftor levels in these
collected plasma samples would be feasible, offering the opportunity to perform invaluable
retrospective PK analyses for caftors, provided that the time after dose (the interval between
last drug caftor intake and blood sampling) has been recorded.

The treatment outcome for caftors depends on several factors such as the severity of
the disease, the presence of comorbidities, and also certainly on the circulating plasma
concentrations in individuals with CF. The PK parameters for these four caftors are reported
in Tables 1 and 2. An important interindividual PK variability has been reported, for
instance, in patients receiving the ELX/TEZ/IVA combination (cf. standard deviation (SD)
values in Table 2) [4]. Conversely, the steady state Cmax for IVA/LUM found in a real-life
setting, i.e., outside the stringent frame of clinical trials, was reported to be up to 10 times
lower than that of a single-dose level in the labeling information. Moreover, the observed
LUM exposure in CF patients was found to correspond to half of that measured in healthy
controls (Table S2) [14,26].

While age and weight [11], for instance, in children, are known to impact the plasma
concentrations of caftors, their actual area under the curve (AUC), which constitutes an
index of overall plasma exposure, appears to be increased when taken with fat-containing
food for all caftors, except TEZ, according to the labeling information [11]. An increase in the
AUC of up to four-fold was reported for IVA when taken with fatty meals. Moreover, in their
international multicentric clinical PK study, Hanafin et al. noticed notable differences in
Cmax values for IVA and LUM in the various participating centers from different continents,
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but also among neighboring countries, suggesting that the type of food and socio-cultural
eating habits might also modulate caftors’ PK [14].

A number of drug–drug interactions (DDIs) and overlapping drug-related adverse
events (AE) have already been documented for caftors. The strong CYP3A inhibitor
itraconazole, an antifungal agent, increases by 4- and 15.6-fold the AUC of TEZ and IVA,
respectively [27], while some moderate CYP3A inhibitors such as ciprofloxacin showed no
apparent alterations in caftor plasma levels. Alternately, coadministration with the strong
CYP3A inducer rifampicin significantly reduced the AUC of IVA by ≈89%. Rifampicin is
also expected to reduce the exposure of the other CYP3A substrates, namely LUM, ELX,
and TEZ. Such lower exposures would result in suboptimal concentrations, and thus, the
manufacturer does not recommend this coadministration [4].

Further, because the four current caftors are highly bound (>99%) to plasma proteins,
in vitro studies have raised concern for possible drug–drug competition for plasma protein
binding sites resulting in an increase in the unbound fractions (i.e., the free pharmacolog-
ically active species circulating in plasma), thus leading to the modulation of treatment
response. In vitro protein binding competition studies between IVA and albumin and
α1-glycoprotein acid in the presence of common comedications, including ibuprofen, lo-
ratadine, and montelukast, showed that IVA could strongly be displaced from plasma
protein sites [28].

In conclusion, the PK variability of CFTR drugs is recognizably significant, but its
impact on treatments’ tolerability and clinical response, the prevalence of toxicity, and
the likelihood of, generally unrecognized, drug underexposure in patients remains as yet
largely unknown.

3.2. Pharmacokinetics–Pharmacodynamics of CFTR Modulator Drugs

The caftor dose–response relationships with the usual CF disease parameters (i.e., body
mass index (BMI), forced expiratory volume in one second (FEV1), nasal potential difference
(NPD), and sweat chloride concentration) have mainly been studied in dose-escalation regi-
men carried out in phase II studies with adult CF patients carriers of different genotypes.

A trend of increased response with higher doses was reported for IVA, LUM, and
TEZ monotherapy, while no distinct dose–response was observed for ELX over the studied
50–200 mg dosage range.

For IVA, application files to registration agencies have defined the CFTR level at the
90% maximal effect concentrations (EC90) with respect to sweat chloride concentration
and FEV1. A regimen of IVA 150 mg BID yielded a steady-state plasma Cmin level of
approx. 0.25 µg/mL, corresponding to values ≥EC90 for FEV1 and ≥EC84 for sweat
chloride endpoints, respectively [6].

Conversely, the EC50 values of LUM and TEZ were estimated to correspond to plasma
Cmin of 4.5 and 0.5 µg/mL, respectively, using the sweat chloride concentration. A greater
reduction in sweat chloride concentration with increasing LUM plasma levels has been
reported in the FDA application files. Presently, no in vivo studies have evaluated the EC50
of ELX (in vitro EC50 is 0.99 µg/mL) [4].

High variability in treatment response has been found in patients with the same
CFTR genotype and dosage regimen [29–31], suggesting that interindividual differences in
pharmacokinetics per se are likely incriminated to explain, at least in part, such inconstancy
in drug response.

Alternately, no association between the blood levels of IVA/LUM (at average 4 h
post-dose and Cmin) and clinical response at 6 months was found in 36 CF patients
aged ≥12 years [15].

3.3. Safety and Adverse Event (AEs) of CFTR Modulator Drugs

An impressive, systematic review of the real-world safety and relation between the
dosage of the first CFTR modulators (IVA, LUM) and AEs thoroughly evaluated nearly
70 studies from 2012 to 2020 [13]. The authors summarized the frequency of discontinuation
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and adverse events (AEs) related to caftors with detailed patient characteristics and drug
dosage regimens. The majority of studies were focused on LUM/IVA (69%), and 6% were
on the latest marketed combination TEZ/ELX/IVA. Interestingly, only 16% of the studies
were carried out on pediatric patients.

Intriguingly, among these considerable volumes of data and studies in patients pre-
senting drug-related AEs, none measured caftor plasma levels. The lack of robust evidence
on target levels, validated quantification methods, guidelines to monitor drug levels and
poorly described indications for TDM may partly explain this observation.

Nevertheless, of these 68 articles, 10% assessed a dose reduction in the case of AE.
The described AE symptoms in cohorts were related to respiratory intolerance (3/20
F508del homozygote CF adult patients with LUM/IVA) [32]; chest tightness (2/29 F508del
homozygote adult CF patients with LUM/IVA [33] and 1/14 F508del homozygote pediatric
CF patients with LUM/IVA [34]); and undescribed AE (10/116 F508del homozygote CF
patients ≥12 years old (yo) with LUM/IVA [35]). Finally, a case report described elevated
transaminases with subsequent normalization of symptoms (1 adult CF heterozygous
for F508del and R117H-7T with IVA [36]), and in another one, a breast development was
reported as a rare dose-dependent AE of treatment with IVA [16]. Alternatively, a case
report concerned a CF adult who discontinued LUM/IVA for respiratory dyspnea AE
despite having already a half-dose reduction [37].

In approximately two-thirds of the remaining studies, the AE led to the interruption
or discontinuation of caftor treatment. The LUM/IVA AE respiratory-related events could
be mitigated in some patients by decreasing the dose. Whether the other described AE
of this review are dose- or concentration-dependent and whether a dose adjustment may
have maintained the treatment in some of these patients are unknown.

Noticeably, certain AEs have been resolved without any dose change: A case series de-
scribed respiratory symptoms within 6 weeks of LUM/IVA initiation, which returned nearly
to baseline after 2 weeks without any dose change [38]. For patients with ELX/TEZ/IVA
presenting testicular pain, the symptoms resolved in 1–12 days after the addition of an
OTC analgesic during the continuation of their regular dose [39].

Observational studies with real-life CFTR modulator safety data have shown higher
rates of discontinuation, as well as AE that were rarely observed or not described in the
clinical trials, whereby CFTR modulators are generally well-tolerated, except for IVA/LUM
associated with a higher respiratory-related AE [29]. For instance, a higher percentage
of previously under-reported AE of mental health deterioration was reported in a real-
life setting [13,40,41]. Indeed, in 266 CF adults being prescribed ELX/TEZ/IVA, 7.1% of
patients reported insomnia, anxiety, mental fogginess, and mood problems. The majority
of them underwent a dose reduction. While the sweat chloride (as a surrogate of CFTR
function) remained corrected, in 10/13 cases, this AE was improved or resolved by dose
reduction (half) and psychological support [42].

Studies in target tissues have reported a destabilization of the corrected F508del CFTR
by excessive IVA concentrations [43–45], which raised the important question of the possible
occurrence of supratherapeutic or toxic concentrations of IVA in some patients [13].

In preclinical studies, an IVA threshold for cataract was defined as ≥10 mg/kg/day
in a rat model [4], and cataract also constitutes a potential risk identified with the IVA
monotherapy [4,13]. The ELX/TEZ/IVA combination demonstrated an overall improved
safety profile, with the most commonly reported side effects being creatine kinase (CK)
increase, hepatic enzymes elevation, and rash, which were the most frequent reasons for
treatment interruption in clinical studies [4]. There is a lack of information on whether
these events are related to drug plasma exposure, or whether the early AE-related drug
interruption is related to excessive drug concentrations.

The safety profile of the ELX/TEZ/IVA combination has demonstrated the same
potential risks that have been reported for other CFTR modulators: liver function test
elevation and increased blood pressure.
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Relationships between early adverse drug reactions leading to treatment interrup-
tion and plasma levels remain, therefore, to be further studied, especially for the latest-
generation combination of CFTR modulators.

3.4. Special Population

This is of particular concern for CF patients with altered drug metabolism and/or
elimination because of drug malabsorption, hepatic or renal impairments, or for patients
taking comedications for other comorbidities (i.e., anti-infective and immunosuppressive
drugs) with definite risks of reciprocal DDIs, and should it occur, in case of pregnancy.
Additionally, limited clinical information and little hindsight exist for elderly or young
patients, especially for children with hepatic impairment. Differences in treatment response
or adverse drug reactions owing to physiological and metabolic differences (i.e., differences
in distribution volume (Vd), enzyme ontology, etc.) may appear in children.

All the above special situations impact drug disposition, resulting in a definite PK
variability with altered drug exposition.

There is also a lack of PK information for pediatric patients below a certain age (from
<12 years old (yo) for ELX/TEZ/IVA and <6 yo for LUM/IVA and TEZ/IVA to <4 months
for IVA; see Table 2) and also for children with hepatic impairment, as the Child–Pugh scale
is not applicable; therefore, no guideline are yet available. Moreover, studies on the drugs’
long-term impact on child development are missing.

Despite the lack of data on in utero drug exposure, a case report described two babies
born from mothers receiving CFTR modulators without any evidence of congenital malfor-
mations or cataracts [46,47]. Rodent models demonstrated a transfer across placenta and
breastmilk of about 40% of the maternal plasma levels [48]. For the postnatal period, barely
any information is available, except for the first CFTR modulators. The average LUM and
IVA levels in breastmilk were 27.1 µg/l (0.06 µM) and 35.3 µg/L (0.09 µM), respectively,
and the average infant plasma levels corresponded to 2.7% and 0.4%, respectively, of the
maternal plasma levels [49]. A survey reported no complications in 27 infants exposed to
IVA through breastmilk, although the extent of breastfeeding and exposure to caftors were
not reported [50]. Besides the safety for the infant, the adequate maintenance of the drug
response for pregnant mothers is sparse. Vekaria et al. studied the effect of caftors during
pregnancy but without monitoring plasma levels [47]. However, alteration in drug exposi-
tion during pregnancy is due to physiological modifications in the volume distribution,
clearance, inhibition, or induction of various CYPs and other enzymes. For example, in
another therapeutic area, the dose of the antiepileptic drug lamotrigine should, on occa-
sion, be tripled during pregnancy to ensure sufficient exposition [51], and benzodiazepine
midazolam doubles its oral clearance during pregnancy [52].

3.5. A Case for the Therapeutic Drug Monitoring (TDM) of CFTR Drugs

Thus, current CFTR modulators are generally given at fixed standardized dosages
in adults or adapted according to age/weight for children, but such a general “one-size-
fits-all” approach does not account for the various factors that also contribute to the large
interindividual PK variability reported for these drugs.

As previously stated, information on CFTR drug exposure in a real-life setting still
remains limited, with only very few data on the actual target plasma levels (Table 3) [17–22].

The best time after dose (TAD) for blood sampling, e.g., Cmax, Cmin (i.e., before next
dose), or AUC determination for obtaining clinically relevant TDM information remains to
be formally determined. However, the multiple blood sampling required over an entire
dosing interval to calculate AUC is not feasible in a routine clinical setting, even more so in
an outpatient ward. Consequently, so far, no guidelines integrate TDM, despite the known
PK variability reported for the newer CFTR modulators. Nevertheless, the tailored dose
adjustment of these new agents may possibly improve their safety without compromising
their efficacy.
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TDM may prove to be a clinically useful tool to provide better care to CF patients in a
number of instances, which are reviewed in Sections 3.6 and 3.7.

3.6. Drug–Drug Interactions

There are a number of alterations in exposure to caftors due to their cytochromes’
P450-dependent metabolism. Many drugs commonly used in CF patients possibly inhibit
CYP3A (e.g., importantly by azole antifungals such as itraconazole) or are metabolized by
CYP3A (e.g., antibiotics, steroids, and hormonal contraceptives), and/or are substrates of
P-gp (e.g., tacrolimus, ciclosporin, and digoxin) [27,53]. These drug associations may cause
DDIs, altering thereby either the exposition of caftors (DDI victim) or the coadministered
medication (DDI perpetrator) (see Tables 1 and S1).

Notably, given the very high cost of these caftor combinations, and also considering
non-responder patients, a PK interaction study has been initiated by Liddy et al. aiming at
increasing caftor exposure by adding a CYP3A inhibitor as a “PK booster”, as conducted
in the past with ritonavir for HIV protease inhibitors in antiretroviral therapies. It has
been indeed demonstrated that IVA AUC was significantly increased in association with
ritonavir in healthy volunteers [54].

3.7. Adherence to Caftor Treatment

The development of this new life-changing and life-saving oral medication with a
simple dosing schedule provided the hope that better adherence would be a natural con-
sequence. A former study with an electronic monitoring device that recorded adherence
highlighted the fact that the IVA adherence rate was only 61% of the recommended dosing
and decreased over time (n = 12 CF ≥ 6 yo) [55]. A mean adherence >80% for all CFTR mod-
ulators has more recently been reported [56], with a substantial improvement in the mean
adherence of up to 94% (SD 12.4%) at 6 months for the newest regimen ELX/TEZ/IVA [57].
However, for those individuals with suboptimal adherence (including the remaining 6%
of patients with poor adherence with ELX/TEZ/IVA), dialogue and reciprocal confidence
between healthcare providers and CF patients must be improved. In that context, TDM con-
stitutes an important tool contributing to the promotion of better adherence to these costly
therapies, especially considering that the interruption of caftors can lead to withdrawal
syndromes with acute deterioration [23,58].

3.8. TDM in Other Body Compartments

PK parameters are usually calculated based on concentrations measured in blood,
or more generally in plasma, which are the compartments easily accessible and limitedly
invasive for patients. However, the airway epithelia levels upon using the caftors were not
found to be predicted by serum PK. Moreover, as the drugs act intracellularly, there may
be an interest to determine their levels at the expected site of pharmacological actions. To
this end, analytical methods have been developed for the quantification of IVA not only in
plasma but also in epithelial cells [59,60]. An accumulation of IVA in cells as compared to
plasma was observed, confirming a previous in vitro report [60]. In this case, IVA levels
in the cellular compartment may be higher than those in circulating plasma, which could
lead to a level of CFTR restoration distinct from what would be expected by measuring
only plasma levels. Clearly, there is an exciting research area ahead for deciphering caftors’
PK/PD relationships at the tissular/cellular levels.

Other analytical methods to measure caftor concentrations in alternate biological
matrices including sputum and rectal organoids have also been described [21,61]. At
present, the clinical relevance of, and interest in, TDM by using an alternative matrix
instead of plasma for the quantification of caftors remains to be investigated.

3.9. Importance of Monitoring the Metabolites

In the TDM practice, enzyme phenotyping, namely the metabolite-to-parent drug
ratio (MPR), can be used as a direct measurement of metabolizing enzyme activity (i.e., as

363



Pharmaceutics 2022, 14, 1674

carried out, for instance, with midazolam MPR for CYP3A phenotyping) [62]. Unusual
MPRs allow for the detection of altered CYP-mediated metabolism activity (e.g., drug–drug
interactions, pharmacogenetic variants leading to defective or increased enzyme activity, or
liver impairment). Except for LUM, which is marginally metabolized, the metabolites of
the caftors can also be simultaneously analyzed with the parent drugs, allowing for the
direct monitoring of the MPR in patients: a strong CYP3A inhibitor (e.g., azole antifungals)
would lead to a marked decrease in MRP, suggestive for the requirement to adjust caftor
dosage [63] (see active metabolite(s) in Table 1).

3.10. Practical Implementation of TDM for CFTR Modulator Drugs in the Clinical Setting

In the overview of our development of the TDM of imatinib, the very first oral targeted
anticancer agent [64], we have already expressed that a similar TDM approach could apply
to a wide range of treatments critical for the control of various life-threatening conditions,
such as caftors in CF individuals. The TDM development is generally structured along five
generic questions: (1) Is the concerned drug a candidate for TDM? (2) What is the usually
observed or target range for the drug’s concentration? (3) What is the therapeutic target for
the drug’s concentration? (4) How to adjust the dosage of the drug to drive concentrations
close to the target? (5) Does evidence support the usefulness of TDM for this drug?

At present, the information compiled in this review provides strong arguments to
support that caftor drugs fulfill most, if not all, criteria for a TDM program (question 1).
There is also some information, retrieved notably from clinical studies, on the usually
observed concentration ranges for caftors (question 2) (see Table 2). Alternately, there is only
limited information on the plasma concentration targets of caftors for optimal therapeutic
effect, and to the best of our knowledge, this would need to be formally validated clinically
(question 3). For addressing question 4, the pharmacological interpretations of TDM would
benefit from incoming computer tools of improved user-friendliness and performance, the
development of which is underway [65,66]. For instance, the computer application Tucuxi
(http://www.tucuxi.ch, accessed on 10 October 2021) aims at helping practitioners in the
interpretation of drug concentration measurements by indicating whether the measured
drug levels are “expected” by taking into account drug dosage, patient characteristics,
intrinsic population variability, and population PK parameters, and proposes dosage
adjustments when indicated. Finally, the definitive answer to question 5 “Does evidence
support the usefulness of TDM for CFTR modulator drugs?” would be formally obtained
through a randomized controlled trial comparing the clinical outcome (i.e., percentages of
optimal therapeutic responses and AEs occurrence) of patients being offered a TDM-guided
caftor dose adjustment versus patients receiving the currently recommended CFTR drug
dosage regimens.

4. Discussion

Conceivably, the monitoring of caftors in CF patients’ blood (plasma) shall allow
healthcare professionals to have access without delay to information on patients’ plasma
exposure and, ultimately, to monitor drug plasma levels in case of drug dosage adjustment.
This could be useful in case of clinical complications or toxicities. CFTR drug-dose-related
adverse effects (e.g., hepatitis, rash and other skin lesions, gastrointestinal problems for
some caftors), or DDI issues could also be addressed. To this end, more data on drug
exposure particularly from real-world settings are urgently required to evaluate whether
plasma levels are within the reference range. TDM has a role in preventing drug toxicity in
patients unnecessarily exposed to excessive drug plasma concentrations, by adjusting drug
dosage accordingly. Additionally, TDM could help to ascertain that a less-than-expected
clinical response may not be due to insufficient exposure to drugs, resulting in impaired
gastrointestinal absorption or imperfect treatment adherence.

This review compiled the PK data from real-life CF patients, which could also be bal-
anced to those reported within the stringent framework of clinical trials in carefully selected
patients who poorly reflect the complex situation of real-life patients. The sparse data on
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the PK/PD relationship should also be gathered. Finally, the overall patient satisfaction,
financial burden of treatments, and pharmacogenetic aspects of these treatments should be
explored to even better personalize drug regimens.

5. Conclusions

In the growing movement of precision medicine, research efforts must, therefore, be
pursued to improve the prescription of CFTR modulators not only with regard to clinical
efficacy but also according to tolerability, long-term safety, and potential DDIs, possibly
modulated by patients’ pharmacogenetic traits. All the above aspects can be addressed
more comprehensively by having access to information on actual caftor exposure in patients’
plasma. In this regard, TDM is at the forefront of this trend to personalize treatment to best
meet the needs of CF patients.
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standard therapy [14].
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Abstract: Biological drugs, especially those targeting anti-tumour necrosis factor α (TNFα) molecule,
have revolutionized the treatment of patients with non-infectious uveitis (NIU), a sight-threatening
condition characterized by ocular inflammation that can lead to severe vision threatening and
blindness. Adalimumab (ADA) and infliximab (IFX), the most widely used anti-TNFα drugs, have
led to greater clinical benefits, but a significant fraction of patients with NIU do not respond to these
drugs. The therapeutic outcome is closely related to systemic drug levels, which are influenced by
several factors such as immunogenicity, concomitant treatment with immunomodulators, and genetic
factors. Therapeutic drug monitoring (TDM) of drug and anti-drug antibody (ADAbs) levels is
emerging as a resource to optimise biologic therapy by personalising treatment to bring and maintain
drug concentration within the therapeutic range, especially in those patients where a clinical response
is less than expected. Furthermore, some studies have described different genetic polymorphisms that
may act as predictors of response to treatment with anti-TNFα agents in immune-mediated diseases
and could be useful in personalising biologic treatment selection. This review is a compilation of the
published evidence in NIU and in other immune-mediated diseases that support the usefulness of
TDM and pharmacogenetics as a tool to guide clinicians’ treatment decisions leading to better clinical
outcomes. In addition, findings from preclinical and clinical studies, assessing the safety and efficacy
of intravitreal administration of anti-TNFα agents in NIU are discussed.

Keywords: non-infectious uveitis (NIU); therapeutic drug monitoring (TDM); pharmacokinetics;
pharmacogenetics; biological therapy

1. Introduction

Uveitis refers to a heterogeneous group of diseases characterized by inflammation
of the uvea, a structure formed by the iris, the choroid, and the ciliary body. They are
usually classified depending on their aetiology as infectious or non-infectious, or according
to the location of the inflammation (anterior, intermediate, posterior, or panuveitis). Non-
infectious uveitis (NIU) has an immune-mediated or idiopathic aetiology and usually
occurs in the form of flares [1].

Traditionally, local or systemic treatment with corticosteroids has been the mainstay
therapy in patients with NIU. The powerful immunosuppressive effect of corticosteroids
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makes them highly effective drugs in the control of acute flares; however, long-term
treatment can lead to the appearance of adverse effects or other ocular complications,
especially in patients with chronic doses of prednisone equivalents over 7.5 mg per day [2].
Therefore, in many cases, it is necessary to associate other immunomodulators that allow
for the reduction of the long-term adverse effects of corticosteroids while enhancing their
immunosuppressive action [3]. The immunomodulatory drugs commonly used as first-line
treatment in NIU are antimetabolites such as methotrexate (MTX), mycophenolate mofetil
(MMF), or azathioprine (AZA), calcineurin inhibitors such as cyclosporine, or alkylating
agents such as cyclophosphamide. These drugs are also known as “corticosteroid-sparing
agents” since corticosteroid doses can be reduced while maintaining good control of
ocular inflammation. Although treatment with immunosuppressants has led to substantial
improvement in the management of NIU [3], in some cases the ocular inflammation persists.
However, biological drugs have emerged in recent years as useful resources in many forms
of NIU that do not respond to conventional treatment [4,5].

Numerous studies have confirmed the favourable results both in efficacy and safety of
biological drugs, mainly molecules against tumour necrosis factor α (TNFα), in patients
with uveitis refractory to conventional treatments. The introduction of these drugs in the
treatment of NIU has been possible due to the knowledge gained about the inflammatory
mediators involved in this pathology, thus allowing the use of drugs that act specifically
against these molecules [4]. Despite the wide use of various biological drugs including
anti-TNFα drugs for the treatment of autoimmune diseases, only adalimumab (ADA) has
been approved by the Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) (2014 and 2016, respectively) in non-anterior NIU [6]. After the introduction
of ADA for the treatment of NIU, better control of inflammation has been achieved, with
improvements in visual quality and fewer complications, but there is still a high percentage
of patients, around 40%, who present primary treatment failure in the first six months
according to the results of VISUAL clinical trials [6,7]. However, results from a recent
real-world data study showed higher drug retention rates close to 55% after the first five
years, with inefficacy being the main cause of discontinuation [8]. In non-responders,
treatment with ADA is not only not beneficial, but it can produce undesired adverse events.
This situation highlights the need to identify factors related to treatment response with
biological drugs that allow better management of patients with NIU. In this sense, the
study of pharmacokinetic (PK) and pharmacogenetic (PG) parameters related to anti-TNFα
drugs appears to be promising in the identification of biomarkers for treatment response.

Studies that have evaluated factors related to failure in therapy with anti-TNFα agents
in the field of ophthalmology are scarce in comparison with those in immune-mediated
rheumatic and gastrointestinal pathologies. This is mainly due to the short course of anti-
TNFα drugs in the treatment of NIU, although the low prevalence and high heterogeneity
of the disease also contribute. PK studies in other immune-mediated pathologies have re-
vealed a significant inter-individual variability in the systemic concentrations of biological
drugs. This has been related to the development of anti-drug antibodies (ADAbs), the use
of concomitant immunomodulatory treatments, and alterations in biochemical parameters,
among which albumin is one of the most important [9]. This variability together with
the difficulty of access of the drug to the site of action may be two relevant aspects of
conditioning response to treatment. From a biopharmaceutical point of view, the eye has
barriers that limit the passage of high molecular weight molecules. However, the presence
of inflammation can facilitate the passage of large molecules such as biologic drugs [10].
The passage of monoclonal antibodies (mAbs) through the ocular barriers toward the
eye is a barely studied aspect, but it could have a great impact on the pharmacodynamic
aspects of these drugs regarding the treatment of NIU. On the other hand, PG studies in
immune-mediated pathologies have provided evidence of the influence of certain genetic
polymorphisms in the response to biological drugs, although the relevance of these find-
ings in NIU is currently unknown. Thus far few studies have been conducted aimed at
evaluating the clinical relevance of PK and PG aspects in NIU.
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Compared with classical drugs such as digoxin, mAbs used as therapeutic proteins
have different pharmacokinetic characteristics due to their particular physical character-
istics, generally showing a smaller volume of distribution and a longer half-life. Classic
drugs are eliminated through hepatic metabolism, renal filtration, and excretion through
bile or faeces. In contrast, the clearance of therapeutic antibodies is related to protein
degradation and target binding. This phenomenon known as target-mediated drug dispo-
sition (TMDD), is also present in small molecules that exhibit non-linear pharmacokinetics,
although it is more frequent in therapeutic proteins [11]. Although the pharmacokinetics of
classical drugs and therapeutic proteins differ, in both treatment scenarios systemic drug
concentrations falling within a specific therapeutic range should be achieved to maximize
treatment efficacy and clinical outcomes while avoiding undesired adverse events that may
arise from excessively high drug levels. However, in clinical practice, this is not achieved in
all patients due to the inter-individual variability in treatment, which highlights the need
for tailored therapy. Therapeutic Drug Monitoring (TDM) is a useful tool to meet this need
with which treatment can be personalized to reach therapeutic concentrations.

The introduction of biological therapies has revolutionized the treatment of NIU,
especially those targeting TNFα. However, NIU treatment is challenging and current
strategies are sometimes insufficient to achieve adequate control of ocular inflammation.
Approximately 40% of patients experience early treatment failure (primary non-response,
PNR), whereas up to 20% of patients experience an initial clinical improvement followed
by a loss of response 12 months after starting treatment (secondary non-response, SNR) [6].
Given the limited repertoire of effective biologic drugs available in NIU, early identification
of non-response (PNR) or loss of response (SNR) is of utmost importance in clinical practice.

The therapeutic outcome of biologic drugs in immune-mediated diseases is closely
related to serum drug concentration [12,13]. Whilst therapeutic failure to anti-TNFα agents
is commonly associated with low or undetectable serum trough drug levels (subtherapeu-
tic), therapeutic success is associated with trough drug levels over a specific threshold, in a
range in which maximum favourable outcomes are achieved with minimal or no adverse
events [14]. Hence, the implementation of therapeutic drug monitoring (TDM), consisting
of measuring trough drug levels and ADAbs, is essential to assess in each patient the
performance of a given biological drug and define its optimal dose ranges.

Several approaches are currently available to measure drug and anti-drug antibody
concentrations. Enzyme-linked immunosorbent assay (ELISA)-based techniques and ra-
dioimmunoassay (RIA) are the most used tests compared to other assays such as Homoge-
nous Mobility Shift Assay (HMSA) and immunological multiparameter chip technology
(IMPACT) [15,16]. Each assay format has a different sensitivity, dynamic range, and cut-
points, so the results obtained are not equivalent. Therefore, the method of choice to
monitor drug levels and anti-drug antibodies should be reported in all studies. All assays
have advantages and limitations, some of them are inherent to the specific methodology,
but others are related to economic factors, the presence of adequate facilities, or qualified
personnel, among others. A detailed description of the available assays, their characteristics,
and their main benefits and limitations can be found elsewhere [15,16].

Ideally, anti-TNFα therapy should result in therapeutic concentrations in all patients,
but this is not always achieved in clinical practice as evidenced by the large differences
observed in the systemic concentration of anti-TNFα drugs [17–20]. These differences
are likely explained by heterogeneous drug bioavailability in patients, which in turn is
influenced by PK factors, such as drug immunogenicity [21].

Furthermore, TDM was typically considered advantageous for drugs with a large
inter-individual variability in exposure with relatively low intra-individual variation, a
significant exposure–efficacy relationship, a narrow therapeutic window, and the availabil-
ity of a validated bioanalytical assay. It has been postulated recently that this could also
represent a useful tool to individualize dosing and optimize treatment using drugs with a
wide therapeutic window and high cost [22].
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The purpose of this comprehensive review is to compile the available evidence on the
PK, TDM, and PG monitoring of anti-TNFα drugs used in NIU, as well as to discuss the
relevance of the biopharmaceutical considerations that concern drug delivery in the eye, in
relation to biological drug treatment. In addition, other routes of administration used for
the administration of anti-TNF, such as the intravitreal route, will be mentioned. For that
purpose, an extensive review of the preclinical and clinical pharmacokinetic studies that
have been published in this field was carried out. The PubMed database was searched from
its inception in 2000 to September 2022, and the reference lists from the relevant studies
were analysed for additional literature.

2. Biologics in Uveitis Treatment

A better understanding of ocular inflammation pathways has led to the emergence of
biological therapies for the treatment of NIU [3,23] that aim to overcome the 30% failure
rate obtained under classical immunosuppressive treatment [24]. Different cytokines such
as TNFα, IL-6, IL-17, or IL-23 play a key role in NIU inflammatory process [25], therefore
becoming very attractive as potential therapeutic targets. Bearing this in mind, randomized
prospective studies have been developed in the last years to evaluate the treatment efficacy
of biological drugs in NIU [6,7,26]. In this sense, the main biological drugs used in NIU
treatment are depicted in Table 1.

Adalimumab: ADA is a fully human monoclonal antibody targeting TNFα, which
plays a central role in ocular inflammation via reactive oxygen species, inducing angio-
genesis and breakdown of blood–retinal barrier (BRB). The time to reach maximum serum
concentration is 56 h, after a 40-mg subcutaneous administration to a healthy adult subject,
with an average absolute bioavailability estimated at 64%. The mean terminal half-life
is approximately two weeks [27]. The first report about the role of ADA in NIU was in
2008 [28], after which several studies established the effectiveness of ADA in NIU, mainly
the VISUAL I and VISUAL II trials. Both were randomised and multicentric clinical trials
compared with a placebo, which evaluated the efficacy and safety of ADA in active and
inactive NIU [6,7]. Based on the findings of these trials, ADA was approved for its use in
NIU and is currently the only biological treatment approved by FDA and EMA for this pur-
pose [1]. Phase III extension study (VISUAL III) has shown that ADA treatment maintains
disease control and provides long-term corticosteroid-sparing effects [29]. In addition, a
recent meta-analysis of six randomized controlled trials (RCTs) evaluating the efficacy and
safety of ADA treatment of NIU has shown that treatment failure is halved compared with
placebo, as well as a reduction in visual loss and ocular inflammation [30]. Future research
aims to directly compare the efficacy of ADA in monotherapy and in combination with
other immunosuppressants [31].

Infliximab (IFX): IFX is a chimeric (human/mouse) monoclonal antibody targeting
TNFα has a half-life of up to 9.5 days and is administered intravenously. IFX use in uveitis
was first reported in 2001 [32] and has been shown to be effective for NIU in children [33]
and for Behçet’s disease-associated uveitis resistant to classical immunosuppressive treat-
ment [34], although it may also be effective for the management of other ocular diseases [1,4].
The use of IFX for the treatment of patients with refractory uveoretinitis of Behçet’s disease
(RUBD) has been approved in Japan in 2007 [35]. Its early use is strongly recommended in
patients with vision-threatening ocular manifestations of Behçet’s disease and should be
considered as second-line therapy in juvenile idiopathic arthritis (JIA) related uveitis [36],
proven its efficacy and its safety at doses as high as 20 mg/kg successfully used in these
patients [37]. Furthermore, comparable results in terms of efficacy have been reported
between IFX and ADA treatments for NIU [38].

Etanercept: Etanercept is a human recombinant fusion protein consisting of the ligand-
binding region of the TNF-R2 receptor coupled to the constant region of immunoglobulin
G1 (IgG1-Fc), which inhibits the attachment of TNFα to endogenous TNF receptors. Its
half-life is around 70 h. Etanercept is approved for use in rheumatoid arthritis (RA),
psoriatic arthritis (PsA), plaque psoriasis (PS), ankylosing spondylitis, and polyarticular JIA,
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whereas its use in NIU is limited to case reports and small clinical trials [4]. Paradoxically,
a significant association between etanercept and the development of uveitis as a drug-
associated side effect has been reported compared to ADA or IFX [39]. Therefore, it is
strongly recommended that the use of either of these two anti-TNFα agents should be
considered before etanercept therapy for the treatment of ocular inflammatory disease [36].

Golimumab: Golimumab, a fully human monoclonal antibody targeting TNFα, with
a half-life of about 12 days, has shown potential efficacy in patients with refractory NIU
to TNFα blockers [40,41], emerging as a promising therapeutic option in this disease.
Nevertheless, all data were obtained from retrospective case series with small sample sizes,
so additional studies on its efficacy are required.

Certolizumab: Certolizumab is a PEGylated antigen-binding fragment (Fab’) of a
recombinant humanized monoclonal antibody to TNFα. The conjugation of the hydrophilic
polyethylene glycol (PEG) chains increases the half-life of certolizumab pegol to around
two weeks. The clearance of certolizumab differs from that of other biological agents due
to the absence of an fc fragment in its structure, which prevents FcRn-mediated recycling.
In addition, renal excretion of certolizumab has been described due to the relatively small
size of the Fab’ fragments [42,43]. Data on the efficacy of certolizumab in the treatment of
NIU are limited to case series showing it may be effective in the inflammatory control of
refractory NIU [44].

Tocilizumab: Tocilizumab is a humanized monoclonal antibody that inhibits IL-6
signalling by preventing IL-6 from binding to its receptor. A prospective randomized
trial evaluated tocilizumab safety and efficacy for the treatment of non-anterior uveitis
and observed significant improvement in visual acuity and a reduction of central foveolar
thickness [45]. Additionally, tocilizumab has demonstrated efficacy in managing JIA-
associated uveitis refractory to anti-TNFα therapy [46], Behçet-associated uveitis [47],
birdshot chorioretinopathy [48], and uveitic macular oedema [49].

Rituximab: Rituximab is a B-cell-depleting chimeric anti-CD20 monoclonal antibody.
The mean terminal half-life is approximately 22 days. A growing number of reports have
supported the use of rituximab in some types of NIU [50–55]. A retrospective study in
JIA-associated uveitis showed a decrease in uveitis recurrences in patients who have not
previously responded to other biologic therapies [50]. Additionally, rituximab treatment
resulted in clinical improvement in 14 patients with Vogt–Koyanagi–Harada (VKH) disease-
associated uveitis [51,52], 20 patients with severe manifestations of Behçet-associated
uveitis [53] and induced remission in 20 patients with refractory ophthalmic Wegener’s
granulomatosis [54].
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3. Therapeutic Drug Monitoring of Anti-TNFα in NIU
3.1. Pharmacokinetics (PK) of mAbs

MAbs are glycoproteins based on the structure of γ-immunoglobulins (IgG); hence
they have a high molecular weight. These drugs are administered parenterally, either intra-
venously (IV), subcutaneously (SC), or intramuscularly (IM). Due to their high molecular
weight, mAbs are absorbed through the lymphatic system after SC or IM administration.
The high molecular weight of mAbs also hinders their distribution to tissues and therefore,
they are retained in vascular and interstitial spaces. Consequently, these drugs usually
have small volumes of distribution [56]. mAbs are protected from lysosomal degradation
by the neonatal Fc receptor (FcRn), located in a wide variety of tissues throughout the body,
which explains their long half-life and low clearance [57]. The main elimination pathway
of mAbs is proteolytic degradation, in contrast to low molecular weight drugs, which are
usually eliminated by renal or biliary excretion or by metabolic biotransformation [56].
Antigen mass, which refers to the total amount of antigen available for mAb binding, also
influences the PK of mAbs. An increase in antigen mass has been related to an increase in
mAb clearance. In other words, in the presence of high antigen amounts most of the mAb
molecules form antigen-antibody complexes rather than remain as free antibodies. The
elimination rate of these complexes is faster than that of the free mAbs, which explains the
increased clearance [58].

PK of mAbs is highly variable. A clarifying example is the inter-individual variability
in the clearance of some mAbs used in RA, quantified between 17 and 44% [43]. Multiple
cofactors can act as sources of this variability (Figure 1), among which the development of
immunogenicity stands out [42]. This eventually translates into variability in the concen-
tration of the mAbs, which markedly influences the therapeutic response. Accordingly, a
more extensive review of the PK of mAbs is available elsewhere [21]. The present review
will focus on the PK of mAbs used in the treatment of NIU.
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3.1.1. Demographic Factors

Body size and gender have an impact on the PK of mAbs and other biological drugs.
An increase of clearance with body weight or body surface area has been reported for
ADA [59–61] and IFX [62], but also for rituximab [63], etanercept [64], and golimumab [65].
Clearance of ADA and IFX is significantly higher in men than in women [59,60], although
this may be explained by differences in body weight between gender. Despite the direct
relationship between ADA and IFX clearance with body size, ADA dosage is not adjusted
to weight in the adult population for the treatment of NIU, whereas IFX doses are weight-
adjusted. This fact is linked to the subcutaneous administration of ADA by the patient,
which limits dose adjustment by weight, in contrast to the extemporaneous preparation of
IFX, enabling individualised weight adjustment at each administration. Moreover, although
ADA clearance is increased in heavier patients, in VISUAL I and VISUAL II subgroup
analysis by weight, ADA was favoured in all weight subgroups with standard dose [61].

3.1.2. Biochemical Factors

In inflammatory bowel disease (IBD), an inverse relationship between serum albumin
levels and clearance of ADA [66] and IFX [67] was found. The reasoning behind this rela-
tionship is that low albumin levels may reflect decreased FcRn activity and thus increased
clearance [43,57]. C-reactive protein (CRP) also influences the PK of IFX. Specifically, a
direct correlation has been described between CRP levels and IFX clearance [68].

3.1.3. Immunogenicity of mAbs

Biological drugs are exogenous proteins, so they can induce an immune response.
The development of ADAbs was more frequent in patients treated with IFX (ADAbs+:
25.3% (CI 19.5–32.2)) compared to those receiving other biological drugs (ADAbs+: <14%)
according to a meta-analysis conducted in more than 14,000 patients with RA, IBD, and
spondyloarthritis (SpA) [69]. The appearance of immunogenicity against the drug can
lead to undesired issues such as loss of response, as well as the development of severe
adverse infusion reactions [42,69]. Additionally, immunogenicity has a great impact on
the PK of mAbs by increasing their clearance. In patients with NIU treated with ADA,
an approximately 3-fold increase in clearance has been reported in those who developed
ADAbs compared to those without ADAbs [61]. This finding is consistent with the decrease
in serum levels of ADA and IFX [17,18,61,70] and with the worse clinical response observed
in patients with NIU who present ADAbs [18,70] and is also in line with previously
described findings in patients with immune-mediated rheumatic and gastrointestinal
diseases [13,71–74].

3.1.4. Concomitant Immunosuppressive Therapy

Several studies have shown that the beneficial effect of anti-TNFα drugs is enhanced
by concomitant treatment with immunosuppressants [75–80]. Although other studies have
not observed any additional effect over monotherapy with biological agents [81,82], many
clinical practice guidelines recommend the combined treatment of immunosuppressants
and biologic drugs, in order to improve the pharmacokinetics of the biologic agent (increas-
ing trough concentration and decreasing immunogenicity) [83]. This combined therapeutic
strategy has proven superior to monotherapy treatment with ADA [75–77] and with other
biological drugs [76,78–80] in patients with other immune-mediated pathologies. The
superiority of combined therapy over monotherapy is reflected by significantly higher re-
sponse rates or higher remission rates, improvements in inflammatory and disease activity
parameters, less treatment failure or less damage to the affected tissues, and other clinical
measures, without producing a higher frequency of adverse effects [75,78–80]. Potentia-
tion of the therapeutic effect exerted by the co-administration of immunosuppressants is
attributed to the higher concentration of the biological drug detected in blood compared to
the absence of immunosuppressant treatment [77,84]. The association detected between
co-treatment with immunosuppressants and decreased drug clearance likely explains these

376



Pharmaceutics 2023, 15, 766

findings. Specifically, the decrease in ADA clearance with concomitant immunosuppressant
treatment has been estimated at 38.4% in patients with NIU [61]. It should be noted that
co-treatment with immunosuppressants reduces the risk of developing immunogenicity, as
well as its associated negative effects [73,77,85], which has a direct impact on the clearance
of biological drugs, as already mentioned. Altogether, these findings indicate that concomi-
tant treatment with immunosuppressants has a protective effect against the appearance of
immunogenicity, which results in an increase in systemic drug levels and therefore a higher
probability of clinical response.

3.2. Evidence Supporting TDM of Anti-TNFα in NIU

The inter-individual variability introduced by these and other factors in the PK pa-
rameters of anti-TNFα drugs has an impact on the individual exposure to the drug and
therefore on the clinical response [21]. Evidence supporting TDM of drug levels and
ADAbs of TNFα inhibitors as an effective strategy to optimize biological therapy and
increase treatment response rates in immune-mediated inflammatory diseases is grow-
ing [12,14,17,73,74,86–88]. However, opposing findings have also been reported [89–91].
Given the shared similarities between these diseases and NIU regarding anti-TNFα therapy,
it is reasonable to assume that TDM may also be beneficial in the management of patients
with NIU. In fact, several publications support this idea, as shown in Table 2. Most of the
data have been obtained from works published in the literature and have been completed
with a report from the EMA.

Significantly higher trough ADA levels have been consistently reported in patients
with NIU who responded to treatment compared to those non-responders. In addi-
tion, ADA trough levels have shown an inverse correlation with anti-ADA antibody
levels [17,18,61,70,92]. Consequently, the presence of anti-ADA antibodies has been associ-
ated with treatment failure as assessed by a worse uveitis outcome and failure to achieve
remission. This association was evaluated in more detail in two studies in which anti-
ADA antibodies were classified as permanent if positive results were obtained on two or
more time points during follow-up or transient if obtained on one single occasion [17,18].
In both studies, ADA trough levels were undetectable in patients with permanent anti-
ADA antibodies, but not in those with transient antibodies, whose ADA trough levels did
not differ from that in seronegative patients. Therefore, an inverse correlation of ADA
trough levels and anti-ADA antibody levels was only observed when permanent anti-
bodies were detected. Moreover, the presence of permanent antibodies was associated
with a worse uveitis outcome and increased likelihood of non-response. In the study of
Skrabl-Baumgartner et al. [17] 77.8% of non-responders developed permanent anti-ADA
antibodies. In contrast, such an association was not observed in patients with transient
antibodies. The authors concluded that the development of immunogenicity was the main
reason for the loss of response, although other variables were not analysed. Although
these results should be interpreted with caution due to the low number of patients with
permanent anti-ADA antibodies analysed, which were 4 in Cordero-Coma et al. [18] and
7 in Skrabl-Baumgartner et al. [17], they derive from independent studies with different
collections of patients and likely represent true rather than fortuitous findings.

Assuming this is the case, it would be of great importance to monitor ADAbs levels
throughout treatment to differentiate between transient and permanent antibody positivity,
since only the latter is associated with subtherapeutic drug levels and with a higher risk of
treatment failure. Subsequent studies have confirmed the relationship between a worse clin-
ical response with lower trough ADA levels, which in turn are frequently found in patients
with ADAbs [17,61,70,92]. Despite most studies in NIU having shown a protective effect
of immunomodulatory therapy against the development of immunogenicity [17,61,70] in
accordance with previous reports in other pathologies, Cordero-Coma et al. [18] did not
observe such an effect. In the work performed by Sugita et al. [93], monitoring of IFX levels
showed a tendency towards higher IFX concentration in patients without uveitis flares
(responders) and higher rates of treatment response in those with levels over 1 ug/mL
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(Table 2), results that are in line to those observed with ADA treatment. Convincing ev-
idence that TDM-guided optimization of ADA therapy in patients with NIU results in
relevant clinical improvements has been recently reported by Sejournet et al. [92]. The
authors showed that treatment adjustment in non-responders (increase in injections, dose,
or change in treatment) according to TDM results, led to clinical improvement in 87% of
cases, while in responders with supratherapeutic ADA levels, the reduction in the number
of injections did not lead to relapse in 80% of cases (Table 2).

A question that remains to be answered is the potential utility and cost-effectiveness of
proactive versus reactive TDM in the management of patients with NUI. Results obtained in
IBD show greater clinical benefits and lower costs for proactive TDM compared to reactive
TDM [86,94,95], probably because the proactive approach allows early intervention before
a loss of response occurs and detection of immunogenicity early in treatment [96]. The
potential benefits of proactive TDM of anti-TNF inhibitors in NIU need to be specifically
evaluated in these patients. However, before reaching that point, some important issues
remain to be clarified, such as the therapeutic range of anti-TNF drugs in NUI or the
optimal frequency for monitoring [96].

Furthermore, there are reference documents on certain types of NIU that recommend
using TDM to guide treatment with biologicals, such as the guide developed by the Single
Hub and Access point for paediatric Rheumatology in Europe (SHARE) initiative. This
document contains recommendations for the management of patients with JIA-associated
uveitis [97], which indicates that increasing the dose or shortening the interval of drug
administration can be considered in non-responders who do not have ADAbs but have
low drug levels. Expert recommendations as well as an algorithm for the treatment of
JIA-associated uveitis have also been published, which recommends adjusting treatment
with ADA and IFX in non-responders or in cases of loss of response based on the results of
monitoring levels of drug and ADAbs [98].

These studies show that anti-TNFα trough levels were higher in patients who re-
sponded to treatment compared to non-responders, in addition, demonstrate that ADAbs
development was associated with worse NIU outcomes, and showing that treatment adjust-
ment according to TDM results led to clinical improvement in non-responders [18,70,74,92,93].
All these data, together with expert recommendations and other reference documents,
support the use of the biologic drug TDM in NIU. Despite this, the observational design of
these studies added to the small size of the population studied, as well as the heterogeneity
of the included NIU limits generalizations. Although we believe the data are in line with
observations in other pathologies [12,14,86–88] and constitute a step forward in the difficult
daily management of refractory NIU patients, they are insufficient to implement TDM in
routine clinical practice.
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3.3. TDM-Based Strategies and Therapeutic trough Levels of Anti-TNFα in NIU

Overall, the aforementioned studies indicate that treatment with anti-TNFα drugs
could be optimized with the implementation of TDM in the treatment decision-making
process. However, it must be considered that the strength of the evidence obtained in
patients with NIU is lower than in patients with other immune-mediated diseases in which
the utility of TDM of biological drugs has been studied more thoroughly. The importance
of optimizing biological treatment to a maximum is even more remarkable in patients with
NIU who do not show a sufficient response or do not respond to ADA or IFX, in whom
effective therapeutic options are even more scarce [34]. In order to prevent PNR or SNR
to anti-TNFα drugs, different strategies can be adopted depending on TDM-based trough
drug levels and the presence of immunogenicity. In non-responders or poor responders
with low trough drug levels who do not develop immunogenicity, dose increase or interval
shortening is recommended to increase drug concentration, but if immunogenicity is
present, the addition of an immunomodulator or change to another anti-TNFα is a viable
option. If the response to anti-TNFα is inadequate despite enough drug levels, a change
to another biological drug with a different target is recommended instead [99]. Treatment
should be continuously adjusted with subsequent drug concentration reappraisal until
reaching the therapeutic target.

The minimum trough anti-TNFα levels that are associated with clinical response in
NIU are currently unknown. The identification of a therapeutic range for anti-TNFα drugs
is hampered by variability between studies and methodologies used to measure drug levels
and ADAbs that generates incomparable data [100]. Prior to the implementation of TDM
of ADA (or other biological drugs), a robust description of ADA PK and pharmacokinetic–
pharmacodynamic (PK-PD) relationship should be obtained in patients with NIU [59], as
an isolated measure of the systemic trough drug concentration does not fully explain drug
exposure in a patient. The individual pharmacokinetic profile provides more accurate
information on the actual systemic exposure of the drug instead. This profile is obtained by
estimating the drug concentration curve (PK curve) as a function of time in each patient
from measurements of the systemic trough drug levels from various samples obtained
throughout the treatment. The relationship between the PK profile and the response is
better known in other drugs such as antibiotics. In the case of beta-lactams, the longer
their concentration (area under the curve that reflects the plasma levels of the antibiotic)
is maintained above the minimum inhibitory concentration (MIC), the better response is
achieved, and therefore they are considered time-dependent [101,102]. In other drugs such
as aminoglycosides, in contrast, their effectiveness depends on reaching a sufficient level of
maximum plasma concentration (Cmax) with respect to the MIC, and consequently, they
are considered concentration-dependent [103]. In the case of anti-TNFα drugs, the influence
of the PK profile on the response is unknown, i.e., it is not known whether they can be
considered time- or concentration-dependent. Despite this, different dosage schedules
are used in clinical practice regardless of the anti-TNFα drug to intensify treatment as
discussed above [104]. However, some of these strategies may be ineffective, since the PK
profile of the anti-TNF drugs determines the concentrations reached and the time they
remain above a minimum value required for therapeutic action at the site of inflammation.
This is especially important when the target of anti-TNFα drugs is in anatomical places
that are difficult to access, such as the eye.

To our knowledge, an ADA concentration–effect relationship using PK–PD modelling
of data from VISUAL I and VISUAL II phase III studies has been only described in one EMA
report [61]. The mean steady-state serum ADA concentrations observed in the combined
analysis of the two studies were 8–10 µg/mL, identical to that observed in patients with
CD, UC, RA, and PS under the same initial and maintenance dose [61]. Strikingly, this
concentration range was close to the lower level needed to prevent treatment failure based
on estimated mean half maximal inhibitory concentration (IC50) values of 9.7 µg/mL (95%
CI 5.5–17.4 µg/mL) and 6.4 µg/mL (95% CI 3.8–10.8 µg/mL) in VISUAL I and VISUAL
II studies, respectively. Conversely, in patients with rheumatic diseases, the serum ADA
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concentration range associated with clinical response is considerably lower, 2–8µg/mL
in RA 2.5–8.0µg/mL in SpA, and 1–8µg/mL in PsA [14,84,105]. The scenario is more
complex in IBD, as reflected by the broader therapeutic thresholds (3.7- > 12 µg/mL)
reported for ADA [14]. Reasonably, different optimal threshold concentrations of ADA
are expected to emerge for NIU than for other immune-mediated diseases depending on
disease severity, underlying inflammatory mechanisms, the target site of action, and other
patient characteristics. These differences in systemic ADA levels associated with treatment
response between pathologies are likely related to the heterogeneous bioavailability of
ADA across different tissues.

Assuming that suboptimal steady-state ADA concentrations are achieved with the
current standard doses prescribed in NIU (80 mg loading dose, followed by 40 mg every
other week) [61], it is worth considering using a higher loading dose of ADA or increasing
the dosing frequency to shift towards therapeutic concentrations. The former approach
has already proven beneficial in Crohn’s disease [19] and may also be beneficial in RA
based on simulations [59]. In addition, simulations of a maintenance dose of 40 mg every
week in NIU suggested that treatment failure could be reduced by up to 15% compared
to the standard maintenance regimen [61]. Future studies should address whether the
administration of intensified dose regiments in patients with NIU at the initiation of ADA
therapy will lead to meaningful clinical benefits compared to the standard dose regimen
without substantially increasing the frequency and severity of adverse events, thereby
reducing the non-negligible rate of PNR and SNR. However, it should be noted that this
intensification strategy may not be beneficial in some cases, for example when detectable
levels of ADA are present at the time of treatment failure, indicating that molecules other
than TNFα are acting as drivers of the inflammatory response. This reinforces the idea that
TDM could help to individually optimise therapy to avoid unnecessary overtreatment and
related adverse events and costs expenditures [86,87].

4. Implications of Ocular Drug PK

As already mentioned, target levels of anti-TNFα drugs are expected to vary among
immune-mediated pathologies due, at least in part, to differences in PK parameters and
biodistribution of biological drugs across ocular, intestine, and synovial tissues. The
eye resides behind particularly strong blood–tissue barriers formed by endothelial-cell
tight junctions and other structural specializations that selectively control the transport of
molecules and have a great impact on the ocular bioavailability of the anti-TNFα drugs [10].

Anti-TNFα systemic administration: following a systemic administration, drugs can
reach the choroid and then travel from the blood circulation to the ocular cavity. This
process is controlled by two major barriers: the blood–aqueous barrier (BAB) and BRB,
located at anterior and posterior segments respectively [106]. These barriers limit drug
penetration from the blood into the eye, thus reducing its bioavailability in the target site
of action [107]. Non-fenestrated endothelium of the iris vessels and the non-pigmented
epithelium of the ciliary body are the main components of BAB. However, the barrier
functionality of BAB is not complete, capillaries of the ciliary are fenestrated and leaky to
macromolecules, allowing them to reach the aqueous humour (Figure 2). BRB consists of
two types of cells, including retinal capillary endothelial and retinal pigment epithelium
cells [108]. Consequently, after systemic administration of anti-TNFα, the intraocular
concentration is lower than the blood concentration and therefore, patients with NIU may
require elevated systemic anti-TNFα trough levels to increase intraocular bioavailability
and reach a therapeutic effect.
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Only a few preclinical studies have characterized the ocular PK of systemically ad-
ministered mAbs, whereas ocular PK following intravitreal administration has been well
described [109]. The ocular PK of rabbit Fab’ fragments (rabFab, 48 kDa) after systemic
administration differs from that of rabbit IgG (rabIgG, 150 kDa) [110]. In aqueous humour
and vitreous humour, rabFab showed a fast absorption phase (Tmax 0.5 days) followed by
a rapid decline. In contrast, rabIgG showed a relatively slow absorption (Tmax 1–4 days)
followed by a slow decline. This is consistent with the accelerated clearance suffered by
Fab proteins lacking an Fc fragment, whereas full-length antibodies and fusion proteins
with Fc fragments have longer half-lives. Despite rabFab showing higher relative exposure
between aqueous humour/serum and vitreous humour/serum and higher percent ocular
partition compared to rabIgG, absolute exposure in ocular compartments was higher for
rabIgG [110]. These differences may be relevant when estimating the ocular distribution
of biological drugs with different structures such as ADA or IFX (IgG structure mAb)
and certrolizumab (PEGylated fragment of a humanized mAb). Although informative,
these parameters are derived from preclinical studies carried out under non-inflammatory
conditions, and with antibodies whose pharmacological targets were not present in the
animals studied. The presence of inflammation can alter the biodistribution coefficients
at the tissue level. In fact, patients with uveitis experience an increase in vascular perme-
ability due to the release of inflammatory mediators, such as TNFα, IL-6, IL-8, IL-17, or
IL-23 [25,111,112]. This increase in vascular permeability has an impact on the integrity of
the ocular barriers, which may play an important role in the penetration of high molecular
weight drugs such as mAb in tissues with limited access like the eye [113]. Therefore,
further preclinical studies are needed to accurately determine the ocular PK of mAbs under
inflammatory conditions.
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Anti-TNFα intravitreal injections: Following intravitreal administration, biologic
drugs are distributed from the vitreous humour to the posterior (retina) and anterior
(aqueous humour) segments of the eye and are eventually eliminated by disposal into
the systemic circulation [114,115]. The factors that affect the drug distribution in vitreous
humour are dictated by its diffusive and convective properties through the vitreous, and
the possible drug interactions with the vitreous humour elements [107].

The intravitreal administration of anti-TNFα drugs such as IFX or ADA could be a
potential resource to increase its bioavailability in ocular structures, thereby achieving
intraocular therapeutic concentrations by minimizing its systemic absorption and toxicity,
together with decreased ADAbs generation. Hence, this possibility has been raised for the
treatment of inflammatory ocular diseases. Some studies that have evaluated the effect of
the intravitreal administration of IFX (dose between 1 and 1.5 mg) in patients with Behçet’s
syndrome uveitis have observed an improvement in central macular thickness and visual
acuity, without appreciating adverse events [116,117]. The reported improvement in clinical
parameters places intravitreal IFX as a promising strategy in the treatment of ocular inflam-
mation. However, previous results differ from recent findings of severe immunological
reactions and a high percentage of therapeutic failure after intravitreal administration of
IFX in patients with posterior uveitis associated with Behçet’s disease [118]. Furthermore,
evidence of an inflammatory reaction and a strong suggestion of retinotoxicity to intravit-
real IFX were shown in a pilot safety study of patients with diabetic macular oedema or
choroidal neovascularization secondary to age-related macular degeneration who failed
conventional therapies [119].

ADA (and IFX in Japan) is the only biological drug with an approved indication for
the treatment of NIU, but only under systemic administration for which its safety and
efficacy have been widely demonstrated. Conversely, current evidence of the safety and
efficacy of intravitreal administration of ADA is scarce and contradictory. Intravitreal ADA
administration has been shown to effectively improve best-corrected visual acuity, control
inflammation, limit uveitis flare and decrease cystoid macular oedema in six out of seven
patients with Behçet and idiopathic uveitis. One patient failed treatment but was able to
regain baseline vision with no permanent effect [120]. A retrospective study evaluated the
usefulness of intravitreal ADA as a rescue treatment in flares of patients receiving chronic
treatment with systemic ADA. Four patients with Behçet’s disease panuveitis maintained
on systemic ADA therapy prior to the panuveitis breakthrough attack were included. Of
the 13 attacks documented in seven eyes, three resolved with one injection and 10 needed
more than one monthly injection for resolution. This work shows that intravitreal ADA
is of potential utility as a rescue therapy in patients with NIU on systemic ADA therapy
that requires tighter control of the inflammation [121]. On the contrary, intravitreal ADA
(monthly injections for three months) showed no efficacy in improving visual acuity or
reducing central retinal thickness in eight patients with chronic uveitic macular oedema
who had failed steroid treatment, although the intervention was deemed safe [122]. Evi-
dence from preclinical studies is also inconsistent. Some studies in rabbits have reported
no ocular toxicity for doses up to 5 mg of intravitreal ADA [123,124], whereas another
study has reported retinal necrosis at doses of 1 mg [125]. Despite these discrepancies, a
promising result of the potential utility of intravitreal administration of ADA as a strat-
egy to increase ocular drug bioavailability has been recently obtained by García-Otero
et al. [126]. These authors evaluated the pharmacokinetic profile and the biodistribution
of the intravitreal administration of 89Zr-adalimumab in a uveitis rat model using PET
imaging and showed that ADA remained about twice as long in the vitreous of diseased
rats compared to unaffected ones and that its ocular permanence was around three times
higher in rats with uveitis.

Further research is required to convincingly establish the efficacy and safety of intrav-
itreal administration of ADA before considering its approval for the treatment of ocular
inflammatory diseases such as NIU. The main advantage of intravitreal administration is
that ocular exposure to anti-TNFα drugs is increased using lower doses than those used
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in systemic administration while avoiding its possible adverse effects. For instance, the
systemic administration of anti-TNFα presents certain risks such as the reactivation of
latent tuberculosis and in the case of IFX, it is contraindicated in patients suffering from
congestive heart failure [127]. Nevertheless, intravitreal administration also has some
drawbacks, mainly the invasiveness of the procedure and its possible complications.

5. Pharmacogenetics (PG) of Anti-TNFα in NIU

Genetic variability is one of the factors that explain the inter-individual variability
in the response to treatments or in the appearance of toxicities. Unfortunately, a major
limitation of PG studies on drugs used in the management of ocular inflammatory diseases
is the lack of consistency due to heterogeneous study designs, different outcome measures,
and small simple sizes, which possibly result in false-positive associations [128]. For
this reason, PG studies focused on anti-TNFα drugs for the treatment of NIU have not
been conducted. However, the treatment of NIU is very similar to that of other immune-
mediated pathologies such as RA or IBD, where the influence of genetic polymorphisms
on the response to biological drugs such as anti-TNFα has been evaluated [128]. Table 3
shows some of the genetic associations identified with the response to anti-TNFα agents
in immune-mediated diseases that could shed light on the influence of genetics on the
response to treatment in NIU. More extensive evidence of gene polymorphisms that may
act as predictors of response to anti-TNFα biologic drugs in related diseases can be found
in the scientific literature.

5.1. Candidate Gene Association Studies

Candidate gene association studies have described different polymorphisms that can
act as predictors of response to therapy with anti-TNFα agents. These polymorphisms are
located mainly in genes involved in the activation of NFkB through the metabolic pathway
of Toll-like receptors (TLR), genes that regulate TNFα signalling, and cytokines regulated
by NFkB and involved in the metabolic pathway of helper T cells [129]. In a meta-analysis
conducted by Bek et al. [130] of 47 studies that analysed the genetic differences between
patients with RA responders and non-responders to anti-TNFα therapy, six polymorphisms
of six different genes were found to be involved in the response: CHUK, PTPRC, TRAF1/C5,
NFKBIB, FCGR2A, and IRAK3. These were genes predominantly involved in the adaptive
response, unlike others located in IBD, such as those associated with TLR, which are
more involved in the innate immune response. Bank et al. [131] studied 738 patients
with IBD, including CD, UC, or both, from a Danish cohort and identified 19 functional
polymorphisms in 14 genes associated with response to treatment with anti-TNFα agents
(TLR2, TLR4, TLR9, LY96, CD14, MAP3K14, TNFA, TNFRSF1A, TNFAIP3, IL1B, IL1RN,
IL6, IL17A, and IFNG) that were implicated in the inflammatory response mediated by
NFκB. These associations allowed for distinguishing not only which patients would benefit
from treatment with anti-TNFα agents, but also to identify those who would benefit from
treatment with an agent whose target was another cytokine such as IL-1b, IL-6 or IFN-
γ, or a combination of several agents [131]. Notably, these findings have recently been
replicated and extended by the same authors in a different cohort of 1045 Danish patients
with IBD [132].

The possibility of identifying patients at risk of developing immunogenicity against
anti-TNFα drugs, and therefore of presenting a worse response to treatment, may guide
the clinician’s choice of treatment towards the use of concomitant immunosuppressants
associated with a lower incidence of ADAbs or the use of biological drugs with other
targets. A positive association with the risk of developing ADAbs has been described for a
polymorphism of the CXCL12 gene, which is consistent with the well-known role of this
chemokine in antibody affinity maturation and plasma cell survival required for antibody
development. This genetic association was confirmed at the protein level. Elevated serum
CXCL12 levels (dichotomized by the median value) were associated with a 2-fold increased
risk of immunogenicity, although this analysis was restricted to RA patients treated with
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4 different anti-TNFα agents [133]. Another factor that appears to be closely related to the
development of immunogenicity is the level of IL-10. In patients with RA, the formation of
ADAbs against ADA was associated with certain genetic polymorphisms and haplotypes
of the promoter region of the IL-10 gene [134]. Unfortunately, it was not specified how the
associated polymorphisms/haplotypes influence IL-10 production. In another study in
which IL-10 levels were measured in 17 patients with various immune-mediated diseases
under IFX treatment, the absence or low IL-10 production and low IL-10/IFN-γ ratio were
associated with an increased formation of ADAbs to IFX [135]. However, certain caution
should be maintained toward these results due to the small number of patients and the
heterogeneity of the diseases studied.

5.2. HLA Complex

A promising marker for detecting patients at higher risk of developing ADAbs, the
HLA-DQA1*05 allele, has recently been identified. Sazonovs et al. [136] found that the
presence of one or two copies of the HLA-DQA1*05 alleles conferred a 2-fold increased risk
of developing immunogenicity to anti-TNFα therapy in patients with IBD, regardless of
the type of anti-TNFα (ADA or IFX) or concomitant treatment with immunomodulators.
This finding was replicated and extended in a multicohort prospective study of patients
with multiple sclerosis (MS), RA, and IBD conducted by the European ABIRISK (Anti-
Biopharmaceutical Immunization: prediction and analysis of clinical relevance to minimize
the RISK) consortium [133]. This work not only confirmed the doubled risk of developing
ADAbs with the presence of HLA-DQA1*05 alleles, but also observed a 4-fold increased
risk of ADAbs for patients homozygous for these alleles. Among the clinical factors
evaluated, concomitant immunosuppressant treatment reduced the risk of immunogenicity,
in contrast to findings from the previous study, whereas tobacco consumption showed a
positive association with ADAbs development.

It has been suggested that ADAbs development against biological drugs may share
common immunogenetic pathways across diseases in view of the similarities shared in
dynamics of antibody production and rate of immunogenicity [133]. Since immunogenicity
has a great impact on anti-TNFα drug levels, PG studies in other immune-mediated diseases
could provide clues as to which genetic factors contribute to the development of ADAbs
in NIU, as well as to reveal genetic factors that contribute to other pathways involved in
the response to anti-TNFα treatment in these patients. Stronger evidence of the influence
of PG on the response to anti-TNFα treatment in NIU can be obtained from PG studies
specifically conducted in patients with this pathology. Furthermore, considering all the
data shown about PG in anti-TNFα therapy, and the numerous genes involved in their
response, the implementation of a genomic array encompassing all the genes involved,
analogous to some used in cancer therapy [137], could be of help in interpreting PG results.
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6. Conclusions

The implementation of TDM of biological drugs in the field of NIU could help to
optimize treatments and obtain better response rates, as already shown in other immune-
mediated diseases. The clinical benefits of effective anti-TNFα treatment in NIU include
better control of ocular inflammation, decrease in the number of flares, reduction in visual
loss, and improvement in the quality of life for patients. However, anti-TNFα treatment
can also result in adverse events, especially when supratherapeutic levels are present.
Infections, congestive heart failure, demyelinating diseases, drug-induced systemic lupus
erythematosus or induction of psoriasis are some of the potential adverse events associated
with anti-TNFα therapy. Although the measurement of anti-TNFα and ADAbs levels is
not routinely used in clinical practice in NIU, it has been shown to be useful in a series
of non-randomized observational studies in patients with refractory NIU. This highlights
the critical need for clinical studies to convincingly establish the usefulness and cost-
effectiveness of TDM-based strategies, over empirical dose escalation strategies to guide
treatment adjustment with biological drugs in the treatment of NIU and define a specific
therapeutic range. Although the influence of genetic polymorphisms on the response to
biological drugs has been barely explored in NIU to date, PG may be an important aspect
in optimizing and predicting response to biological treatments and influencing TDM, as
has been evidenced in other immune-mediated diseases. At the preclinical level, studies
should further address the degree of distribution of therapeutic proteins in the eye under
inflammatory conditions, in order to improve knowledge about the biopharmaceutical
behaviour of mAbs in this disease.
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