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Recent Advances in Therapeutic Strategies for the Treatment of
Pediatric Diseases

Peppino Mirabelli ! and Mariaevelina Alfieri 2*

Clinical and Translational Research Unit, Santobono-Pausilipon Children’s Hospital, 80129 Naples, Italy;
p-mirabelli@santobonopausilipon.it

Clinical Pathology, Santobono-Pausilipon Children’s Hospital, 80129 Naples, Italy

Correspondence: m.alfieri@santobonopausilipon.it

Medical research has been traditionally focused on diseases that primarily affect adults,
often due to their greater impact on life expectancy and economic productivity. However,
in recent years, there has been growing recognition of the importance of pediatric diseases.
These conditions often differ significantly from those in adults in terms of causes and
underlying mechanisms, necessitating more specialized and complex research approaches.
Moreover, enrolling children in clinical trials can be particularly challenging, requiring
tailored methodologies and the involvement of specially trained personnel.

Pedjiatric diseases also have a significant impact on public health. Indeed, beyond the
medical aspects, pediatric diseases often place a significant emotional and practical burden
on families. When a child becomes ill (especially in the case of chronic or life-threatening
disease), parents or caregivers may need to take extended time off work or even leave
their jobs entirely to provide care, leading to financial strain and disruption of daily life.
Despite this, medical research on pediatric diseases remains less common than that on
adult conditions.

More importantly, the research on pediatric diseases can lead to the development of
new treatments and cures for diseases that affect children.

In recent years, gene therapy, biological drugs, and innovative treatments are opening
new opportunities for diagnosis and treatment of children affected by different diseases
such as immunodeficiencies, tumors, hematological disorders, and genetic diseases. Nu-
merous studies on pediatric diseases have been initiated, and many of them have led to
important advances in the understanding and treatment of these diseases.

Some drugs, such as biologicals and gene therapy, are changing the natural history and
long-term fate of patients who until a few years ago were considered incurable. Precision
medicine allows us to make individualized diagnoses and to guarantee increasingly per-
sonalized therapies: not only the most suitable, most effective, and safest drug or treatment,
but also the “tailor-made” dosage.

Pediatric therapies usually rely on previous clinical experience in adults. However,
there exists scientific evidence that drug pharmacokinetics and pharmacodynamics in
children differ from those in adults. For example, the interaction of specific drugs with
their target receptors undergoes changes over the maturation of the different organs and
systems. A similar phenomenon is observed for toxicity and adverse effects. Thus, it is
clear that the treatment of disease in children cannot be simplified to the direct adjustment
of the dose to the body weight/surface [1].

Children cannot be considered “miniature adults”. There are important anatomical,
physiological, and developmental differences in the various organs between these two
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populations, including between different pediatric age groups. The ways in which the body
and drugs interact with each other (pharmacokinetics and pharmacodynamics) change,
particularly comparing infants (even more so if premature) and adults. Differences in the
absorption, metabolism, distribution, and elimination of drugs can cause the so-called
half-life (a pharmacokinetic indicator expressing the time interval required for the plasma
concentration of the drug to decrease by 50 percent) in the newborn to be about twice that
observed in the adult. This means that at the same dose normalized for body weight, the
concentration of the drug in the infant decreases more slowly than in the adult [2].

For this reason, drugs should be properly studied in the pediatric population before
they are administered, which, even today, despite advances, is still not guaranteed.

Over the past fifty years, pharmaceutical research has made great progress in the area
of treatment for adults, but the same cannot be said in the case of pediatric medicines.
About 50 percent of pediatric medicines, as mentioned above, are administered without first
being tested on children. While it is true that the new figures attest to some progress, many
medicines continue to be used “off-label” [3], while others are even used unlicensed, that is,
without authorization. Overall, it appears that the use of medicaments for pediatric use is
an area that has so far not been sufficiently studied and is worthy of further investigation,
and that a large number of medicaments newly introduced to the market are not tested
in the various pediatric age groups. This fact led Harry Shirkey to use as early as the late
1960s the definition, referring to children, of therapeutic orphans [4]. Regarding the side
effects of medicines, the absence of pediatric authorization poses a higher risk for children
than for adults.

In this Special Issue, titled “Recent Advances in Therapeutic Strategies for the Treat-
ment of Pediatric Diseases”, we proposed to collect original research reports, reviews,
and perspectives regarding the treatment of pediatric diseases. In fact, although to date
several pediatric diseases are efficiently treated, any efforts in the development of new
therapeutic strategies are appreciated to reduce side effects and ameliorate the life styles of
affected children.

The Special Issue consists of eight published papers (four research articles, three
review articles, and one systematic review) presenting different and significant advances in
this field.

In contribution 1, Adamiszak and colleagues evaluated fluconazole dosing regimens
for Candida spp. prophylaxis in hemato-oncologic pediatric patients. Although the results
shown require clinical validation by assessing a larger number of patients, the authors
conclude that hemato-oncologic pediatric patients require increased fluconazole doses to
obtain the therapeutic efficacy.

Zuccari et al. (contribution 2) investigated the colloidal stability of the liposomes and
the chemical stability of amphotericin B over time at storage conditions, demonstrating that
the most diluted formulation (addressed to the more vulnerable patients), kept at room
temperature, showed marked changes in the aggregation state and high cytotoxicity. For
these results, the authors concluded that the centralization of the dilution of AmBisome®
at the pharmacy in the G. Gaslini children hospital is extremely relevant for patient safety.

It is known that oral forms (capsules) of drugs are not adapted for use in children.
However, in contribution 3 Caroline Lemarchand and colleagues demonstrated that mixing
Temozolomide (TMZ, a drug used in managing pediatric cancers) capsule content with
food may result in significant underexposure, as it is likely that children will not complete
their meals. The study presented in contribution 4 showed that oral TMZ suspension and
TMZ oral capsule treatment are bioequivalent medicines without unexpected safety signals
or local toxicity.
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Heart disease represents the main cause of death in children with cancer due to
the cardiotoxicity induced by chemotherapy treatments. So, the early detection of the
cardiac damage is crucial. In contribution 5, the authors reviewed the main biomarkers for
the monitoring of chemotherapy-induced cardiotoxicity, highlighting the importance of
the high-sensitivity method for the detection of cardiac troponin to further improve the
effectiveness of risk stratification and monitoring of cardiotoxicity during chemotherapy
treatment cycles.

As mentioned above, many drugs never tested on children are prescribed by pedia-
tricians. In contribution 6, authors examined in a comprehensive review the prevalence
of off-label drug use in pediatrics by conducting a literature search and including studies
from 2012 to 2022 that assessed the prevalence of off-label medications in various pediatric
patient populations.

Gene therapies offer incredible potential. In contribution 7 authors provided back-
ground for a recent trial exploring the use of a fixed-dose onasemnogene abeparvovec
(a self-complementary AAV serotype 9 vector that encodes a functional copy of SMNT1,
whose mutation is responsible for spinal muscular atrophy) in children up to 5 years of
age through intrathecal administration. Marco Zaffanelli and colleagues (contribution 8)
presented a systematic review in which clinical evidence on the efficacy and safety of
intranasal corticosteroids and oral montelukast was evaluated for treating sleep-disordered
breathing and adenoid hypertrophy. They concluded that the combination of intranasal
corticosteroids and oral montelukast effectively and safely treats adenoid hypertrophy
and mild-to-moderate OSA symptoms in children, although larger prospective trials with
standardized protocols are necessary to provide robust conclusions.

There are numerous difficulties underlying the small number of pediatric trials, which
can be summarily identified as organizational-managerial, economic, and ethical.

From the organizational point of view, pediatric trials have a greater complexity, also
considering the need to minimize all procedures that involve stress and pain for the subject.

Fortunately, children in most cases represent a healthy population that mainly needs a
limited number of drugs (painkillers/antifebriles, antibiotics, and respirators) for acute
illnesses that resolve in a few days, such as airway infections, and pharmaceutical spending
concerning children and adolescents. The poor economic return, therefore, does not encour-
age pharmaceutical industries from studying drugs with pediatric indication, particularly
if the drug is already on the pharmaceutical market for adults.

From an ethical point of view, children are not able to choose for themselves whether
to participate in a trial, and consent must be provided by parents. The fact that a child,
especially a young child, will receive treatment that could cause as yet unknown side effects
and be subjected to invasive or painful procedures as part of the study may be of concern
to parents and a brake on participation.

On the other hand, however, using drugs that have not been properly designed for
that age group could pose greater health risks to the child than a clinical trial.

In conclusion, the landscape of pediatrics is rapidly evolving due to continued ad-
vances in genetics, biological therapies, and the understanding of inflammatory and in-
fectious diseases. These advances not only improve our ability to treat rare and complex
diseases but also offer new hope and possibilities to our youngest patients and their fam-
ilies. In the future, the further integration of biotechnology with daily clinical practice
promises to radically transform pediatrics, leading to increasingly personalized care based
on the individual needs of the child.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Objectives: A population pharmacokinetic (popPK) model was used to evaluate
fluconazole dosing regimens for Candida spp. prophylaxis in hemato-oncologic pediatric
patients. Methods: Data were collected from patients receiving 3-12 mg/kg of fluconazole
once daily as a 0.5 or 1 h infusion. Fluconazole concentrations were determined using a
validated HPLC-UV method. The popPK model employed non-linear mixed effects mod-
eling using the FOCEI algorithm implemented in nlmixr2. Monte Carlo simulations and
probability of target attainment (PTA) analysis were performed in the rxode2 package to
investigate dosing recommendations. Results: Concentration time data from nine patients,
aged 7 months to 18 years, with 35 samples, were described by a one-compartment model
with first-order elimination and allometric scaling of body weight. Assuming a Candida spp.
MIC = 2 mg/L and the ratio of the area under the unbound concentration-time curve at a
steady state to the MIC (fAUC/MIC) > 100 as the pharmacokinetic/pharmacodynamic
(PK/PD) target, the standard dosing regimens reported in the Summary of Product Char-
acteristics (SmPC) did not achieve the target for patients treated with doses < 6 mg/kg.
Conclusions: Hemato-oncologic pediatric patients require increased fluconazole doses
to attain therapeutic efficacy. These results warrant clinical validation and should be
confirmed by assessing a larger number of patients.

Keywords: fluconazole; population pharmacokinetics; Monte Carlo simulations; probability
of target attainment; Candida spp. prophylaxis

1. Introduction

Fluconazole (FLU) is a triazole group antifungal drug widely used in clinical condi-
tions and outpatient treatment [1-3]. In the pediatric population, FLU is indicated to treat

Pharmaceutics 2025, 17, 488 5 https://doi.org/10.3390 / pharmaceutics17040488
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invasive and mucosal candidiasis, cryptococcal meningitis, and prophylaxis of Candida spp.
infections in immunocompromised and other high-risk patients [2,4,5].

An oral dose of FLU has ~90% bioavailability and a comparable plasma concentration
as intravenous (IV) administration [4,6-9]. The volume of distribution (V) of FLU is similar
to the total body water of adult patients (0.7 L/kg) [4,6,10,11]. In turn, in children aged
0.25-12 years, the V is 33% higher (0.95 L/kg) [10,11]. The plasma protein binding is
relatively low and reported as 11-12% [4,6,8,10]. Approximately 80% of the administered
FLU dose is eliminated unchanged in urine [4,8,10,12,13]. The half-life in adults is about
30 h and in children is about 22 h, perhaps necessitating higher doses in children [10,11].

The activity and efficacy of FLU are related to the ratio of the area under the free drug
concentration—time curve (fAUC) over 24 h at a steady state to the pathogen’s minimum
inhibitory concentration (MIC) [14-16]. The higher pharmacokinetic/pharmacodynamic
(PK/PD) target was established as an fAUC/MIC > 100 [2,13,16,17]. For Candida spp.
considered susceptible to FLU treatment (MIC < 2 mg/L) [18], the fAUC must reach at
least 200 mg x h/L [2,15]. The less rigorous PK/PD target is fAUC/MIC > 50; when
assuming MIC < 2 mg/L, the fAUC is thus at least 100 mg x h/L [17,19]. Although
attaining the PK/PD targets improves treatment outcomes, therapeutic drug monitoring
(TDM) is not a clinical routine mainly because of the broad FLU therapeutic index, favorable
safety profile, and linear dose-concentration correlation [14,17,20-22]. Lack of routine TDM
combined with limited knowledge of the PK of azoles in the pediatric population results in
subtherapeutic FLU dosages in almost 40% of patients [3,14,15,17,22].

Since underexposure to FLU during treatment of the pediatric population has been
suggested in the literature, our study aimed to investigate the efficacy of registered FLU
doses used as a prophylaxis of Candida spp. infections.

2. Materials and Methods
2.1. Study Population and Data Collection

This study was performed in accordance with the Declaration of Helsinki, approved
by the local ethics committee (the Poznan University of Medical Sciences Bioethics Commit-
tee, decision number: KB-820/21, 3 November 2021), and registered at ClinicalTrials.gov
(NCT05426499). Written informed consent was obtained from patients and their legal repre-
sentatives before inclusion. This study was conducted at the Poznan University of Medical
Sciences (PUMS) Karol Jonscher Teaching Hospital: Department of Pediatric Oncology,
Hematology and Transplantology, and Department of Paediatric Anaesthesiology and
Intensive Therapy. Patients were recruited between December 2022 and October 2024.

Inclusion criteria for the study were age <18 years and treatment or prophylaxis with
IV FLU administered according to the Summary of Product Characteristics (SmPC). The
sampling procedure involved minimizing patient risk by collecting most of the blood
samples at the time of scheduled biochemical assays (like complete blood count or CRP),
routinely performed during hospitalization. Consequently, sampling times varied for all
patients. Baseline demographic, biological, and clinical data were collected from medical
patient records and included sex, age, body weight, height, body surface area (DuBois
Method), the serum creatinine estimated glomerular filtration rate (eGFR) calculated using
the Bedside Schwartz equation [23], eGFR calculated using the Schartz 2012 equation [24],
bilirubin, total proteins, aspartate aminotransferase (AST), alanine aminotransferase (ALT),
C-reactive protein (CRP), and procalcitonin (PCT).
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2.2. Bioanalytical Methods
®

Blood samples (0.5 mL) were collected into lithium heparin tubes (BD Vacutainer®,
Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and then immediately cen-
trifuged at 3000 x g for 15 min to harvest plasma. Collected plasma samples were stored
at —25 °C pending analysis. Fluconazole plasma concentrations were determined using
our previously developed and validated method involving high-performance liquid chro-
matography with ultraviolet detection (HPLC-UV) [25]. The determination range was
0.5-100.0 mg/L.

2.3. Population Pharmacokinetic Analysis

Fluconazole concentration-time data were analyzed using PopPK modeling using the
first-order conditional estimation with interaction (FOCEI) algorithm for non-linear mixed
effects models implemented in the nlmixr2 R package [26]. One- and two-compartment
structural compartment models with linear clearance (CI) from the central compartment
were tested. The interindividual variability (IIV) of PK parameters was assumed to follow
a log-normal distribution. Proportional and combined error models were tested to describe
the residual unexplained variability. Allometric scaling of the parameters was implemented
according to the following:

0.75
WT) 1)

CLZCLTX (70

and

1
V="Vrx <V;/0T> @)

where CL and V are the clearance and volume of distribution, CLt and V' are typical values
for a 70 kg adult, and WT is body weight expressed in kilograms.

The covariate model was investigated according to the classic stepwise covariate mod-
eling method [27]. Pearson’s correlation test was performed to check for any relationships
between random effects and covariates and whether they should be added to the model.
Additionally, the mlcov R package was used to investigate possible covariates that should
be considered during model development [28]. The effect of covariates was evaluated
using the following equations.

For continuous covariates

0
cov; e .
0; = Opop X (’) x elli 3
mediancoy,
For categorical covariates
0; = Opop x %o x el (4)

where 0; represents the individual parameter estimate, 6,y is the population estimated
value for this parameter, COV; corresponds to the individual value of a covariate, 8., is
the estimated effect of that covariate on the parameter, and 7; is equal to the individual
value of the random effect associated with the parameter describing the difference between
the population value of the parameter and the individual value of that parameter for the
ith subject.

Model selection was based on a decrease of at least 3.84 points (p < 0.05) for 1 degree
of freedom in the Bayesian Information Criteria (BIC), objective function value (OFV), the
stability of the model, the precision of the parameter estimates, and the goodness-of-fit
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(GOF) diagnostic plots evaluated at each step of the building process. The final model was
assessed using Visual Predictive Checks (VPCs).

2.4. Simulations

Simulations of fAUC after the 6th dose (between 144 and 168 h) and dosing regi-
mens based on the final model were performed in the rxode2 R package [29]. We tested
3-12 mg/kg in a 30 min infusion daily according to the dosages proposed in SmPC
for prophylaxis of Candida spp. infections. Additionally, we tested alternatively higher
15 and 18 mg/kg doses. For each combination, 2500 virtual patients were simulated as
50 patients per group replicated 50 times, accounting for the same individuals among the
simulated groups. An fAUC/MIC > 100 was the PK/PD target, according to the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) [12,16]. Alternatively, a less
rigorous PK/PD target (FAUC/MIC > 50) was also investigated [17,19]. According to the
EUCAST breakpoints for antifungals, we assumed an MIC = 2 mg/L for FLU as the highest
MIC value of susceptible Candida spp. strains. [18]. The probability of target attainment
(PTA) > 90% was considered an acceptable probability of success [30]. Assuming an FLU
half-life of about 30 h and at least 5 half-lives to reach a steady state, for the PTA analysis
we simulated the fAUC after the 6th dose (between 144 and 168 h) [4,18]. The free fraction
of FLU was calculated based on the ~11% protein binding in the SmPC [4]. In addition,
simulations for standard SmPC doses and the fAUC/MIC > 100 PK/PD target with MIC
values from 0.125 to 2 mg/L were performed.

3. Results
3.1. Study Population

A total of 35 plasma concentrations from nine patients were used. The average number
of samples per patient was four, with a range of two and five. All concentrations were
above the lower limit of quantification (0.5 mg/L) [25]. Patients received FLU in doses of
3-11 mg per kg of body weight as 0.5-1 h infusions once daily. The baseline characteristics
of the studied population are presented in Table 1.

Table 1. Patients’ characteristics (n = 9).

Characteristics Number (%) or Median [Range]
Sex

Female/Male (%) 6 (66.7%), 3 (33%)
Age (years) 9.75[0.50-18.00]
Weight (kg) 28.50 [6.00-58.50]
Height (cm) 28.50 [74.00-178.00]
Body surface area, BSA (m?) 1.14 [0.35-1.73]
Serum creatinine, Sc; (mg/dL) 0.31 [0.18—0.59]
Bedside Schwartz eGFR (mL/min/1.73 m?) 151.0 [115.5-240.3]
Schwartz 2012 eGFR (mL/min/1.73 m?) 117.77 [95.31-170.03]
Bilirubin (mg/dL) 0.50 [0.19-1.55]
Total proteins (g/dL) 5.70 [4.80-6.87]
Alanine aminotransferase, AST (IU/L) 26.0 [14.0-77.0]
Aspartate aminotransferase, ALT (IU/L) 44.0 [8.0-139.0]
C-reactive protein, CRP (mg/dL) 0.34 [0.02-6.71]
Procalcitonin, PCT (ng/mL) 0.30[0.04-1.92]
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3.2. Population Pharmacokinetic Model

Plasma FLU concentrations are described by the one-compartment model with clear-
ance from plasma. The allometric scaling, according to Equations (1) and (2), enabled the
model to fit well. The proportional error model resulted in the best data fit. The final model
estimates are presented in Table 2. The range of estimated CL values normalized for body
weight is 0.31 mL/min/kg for a 58.5 kg patient to 0.55 mL/min/kg for a 6 kg patient. The
estimated V value normalized for body weight is 1.49 L/kg.

The individual PK profiles of dose-normalized concentrations in time are presented
in Figure 1. Similar regular and log-scaled graphs clustered according to dose group are
presented in Figures S1 and S2. The VPC and GOF plots for the final model indicated
a good description of the data and no major model misspecification. The points in the
observed vs. predicted plots are symmetrically clustered around the line, indicating no
evident trends. The residuals are distributed around zero, and most points are within
the range of —2 and 2 (Figure S3). The VPC showed that most observed concentrations
were within the predicted intervals (Figure S4). The nlmixr2 code of the final model
along with graphs of the distribution of the residuals (Figure S5), the distribution of the
individual parameters (Figure S6), the distribution of the standardized random effects
(Figure S7), and the correlation between random effects (Figures S8 and S9) are presented
in the Supplementary Materials.

Table 2. Estimates for the base and final population pharmacokinetic models for fluconazole.

Mean Estimate (%RSE)
Parameters A One-Compartment Model with
Allometric Scaling (Final Model)
Clearance, CL (L/h) 1.24 (23.23)
Weight (kg), WT on CL fixed 0.75
IIV on CL (CV%) 88.54
Volume, V (L) 104.07 (21.59)
Weight (kg), WT on V fixed 1.00
IIV on V (CV%) 55.85
Proportional residual error (CV%) 25.19
BIC 208.82
OFV 126.72

BIC, Bayesian Information Criteria; CV%, coefficient of variation calculated as \/exp(w?) — 1 x 100%; IIV,
interindividual variability; OFV, objective function value.

In accordance with the assumptions of allometric scaling, the values of clearance
normalized by body weight significantly decrease with increasing body weight, which
best explains the course of the log-log regression curve. In contrast, the lack of significant
correlation when CL is normalized based on body weight to the power of 0.75 indicates the
validity of using allometric scaling of CL according to Equation (1) and compensating for
the effect of body weight on CL (Figure 2).

A post hoc analysis of the effect of age on the CL of fluconazole showed a statistically
significant decrease in CL with increasing age. The median CL for patients aged below
the median age is 0.68 mL/min/kg, while for older patients it is 0.32 mL/min/kg. The
effect of eGFR on fluconazole CL was not significant; however, differences in CL were
observed according to an eGFR above or below the median. Patients with an eGFR below
117.9 mL/min/1.73 m? showed a median CL of 0.32 mL/min/ kg, while patients with a
higher eGFR had a CL of 0.56 mL/min/kg (Figure 3).
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Figure 1. Clustered (Top) and separate (bottom) individual PK profiles of dose-normalized FLU
concentrations versus time. Red dots indicate individual patient concentrations.

Log-Log: R?= 0.657, p <0.05
\ y = -0.754log(x) - 1.032

\ Linear: R? = 0.584, p <0.05
0.075

\ y=-0.001x + 0.057

Individual Clearance (L/h/kg)

0.050
0.025
6 12 18 24 30 36 42 48 54 60
Body Weight (kg)
0.125 ° =
“— R?=0.418,p=NS
2
s y =-0.001x +0.109
(o]
< 0.100
£
<
=
8 oors
[ =
©
il
3
o 0050
©
=}
el
S 0025
kel
=
[ ]
6 12 18 24 30 36 42 48 54 60

Body Weight (kg)

Figure 2. Relationship of body-weight-normalized clearances (CL/BW top and CL/BW’7> bottom)
versus patients’ body weight. The red lines represent linear regression analysis, while the blue dashed
line corresponds to the log-log regression analysis. The blue dots indicate individual patients’ values,
while the red dot represents an outlier patient ID: 9.
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Figure 3. Total FLU clearance estimated from the popPK analysis and normalized for body weight
versus age (left top) and calculated using the Schwartz 2012 equation eGFR (left bottom). Total FLU
clearance estimated from the popPK analysis and normalized for body weight in relation to age
group (top right) and eGFR group (bottom right). Patient ID: 9 was excluded from the analysis as an
outlier (marked with a red dot). The blue dots indicate individual patients” values. Solid red lines
represent linear regressions with fit (R?), p-value, and equation values shown in the right corners of
the graphs. The division into groups was based on the median of the analyzed variables.

3.3. Simulations and Probability of Target Attainment Analysis

The evaluation of the fAUC at a steady state indicates that children treated with
low doses of FLU (3-5 mg/kg) were not able to achieve the intended therapeutic target
(FAUC/MIC > 100, assuming Canida spp. MIC = 2 mg/L). Patients treated with inter-
mediate (6-8 mg/kg) and high (9-11 mg/kg) FLU doses achieved an average of 256 and
328 mg x h x Lt (Figure 4).

According to the dosing simulations, for the fAUC/MIC > 100 target, already reg-
istered FLU dosages exceed the assumed 90% of PTA in the case of 48-60 kg patients
treated with 12 mg/kg FLU dose. For the fAUC/MIC > 50 target, the higher SmPC doses
(9-12 mg/kg) enable the target PTA to be achieved. The simulation results for both PK/PD
targets and MIC = 2 mg/L are presented in Figure S10. The PTA analysis of different MIC
values of susceptible Candida spp. (0.125-2 mg/L) showed that at MIC values < 1 mg/L,
the FLU doses indicated in the SmPC are sufficient to achieve the target fAUC/MIC > 100
(Figure S11).
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Figure 4. Predicted fAUC (Top) and dose-normalized fAUC (Bottom) in FLU dose groups. The red
dashed line indicates the assumed PK/PD target (AUC/MIC > 100) for Candida spp. MIC =2 mg/L.

4. Discussion

This may be one of the first FLU popPK models devoted to Candida spp. prophylaxis in
hemato-oncologic pediatric patients. In addition to providing PK assessment, the PK model
served as a tool to evaluate the effectiveness of FLU doses registered for the prophylaxis of
Candida spp. infections. We found that the registered FLU doses < 6 mg/kg appear to be
of limited value owing to resultant subtherapeutic concentrations. Consequently, higher
doses (6-12 mg/kg) appear necessary in children.

The one-compartment model appeared adequate for our limited data. Adding a second
compartment did not show a statistically significant improvement and even decreased
the stability of the estimated parameters. The relatively small number of samples per
patient and the unsystematized sample collection timing explained this. The opportunistic
approach to sample collection limited sampling, and so increasing the number of recruited
patients was not feasible in our study [31,32]. Nonetheless, given its implementation in
most published FLU popPK models in different populations, the one-compartment model
was sufficient to analyze FLU PK [2,7,15,30,33-40]. The estimated CL calculated per kg
of body weight (0.018 L/h/kg for 70 kg adult) is consistent with previously published
FLU pop models [30,34]. In turn, the estimated V per kg (1.49 L/kg) is higher (~50%) than
published values for children or adults [3,30,34]. This may be a result of the underlying

12



Pharmaceutics 2025, 17, 488

illness, administered chemotherapy, and/or hyper-hydration [14,41]. The increased V
in pediatric oncology patients could explain the reduced FLU exposure observed in the
Van Der Elst et al. study compared to other pediatric populations [14]. Nonetheless, the
observed V needs to be confirmed in future FLU PK studies in similar patients.

The slope coefficient of log-log regression for the body-weight-normalized CL versus
body weight equal to —0.754 is consistent with the assumptions of allometric scaling and
the use of CL per kg scaling to the power of 0.75. Additional confirmation of the discussed
assumption is the lack of a significant relationship between CL/BW%7° and body weight
(Figure 2). This is in line with existing knowledge of allometric CL scaling in the pediatric
population [42,43].

In general, according to the SmPC and FLU Product Label, children have a higher
FLU CL than adults [4,44]. This is consistent with our results, where patients, espe-
cially those younger than the median age, showed a CL equal to 0.65 mL/min/kg.
In the case of pediatric patients older than the mentioned median (9.8 years), the CL
was lower (0.32 mL/min/kg) and closer to the CL for adults (0.23 mL/min/kg) re-
ported in the Product Label [44]. Some trends were observed in the relationship be-
tween the body-weight-normalized CL and eGFR (Figure 3). In general, patients with an
eGFR lower than 117.9 mL/min/1.73 m? (population median calculated using Schwartz
et al. equation [24]) showed a lower CL/BW (0.32 mL/min/kg) than patients with a higher
eGFR (0.56 mL/min/kg). The effect of the eGFR on CL is primarily due to the significant
elimination of FLU via the renal route [4,44]. Indirect confirmation of our observation is
also provided by previous PK FLU studies indicating serum creatinine as a covariate of
CL [30,37,39,45].

The results of the fAUC simulations showed that low doses of FLU (3-5 mg/kg) are
insufficient to achieve the intended PK/PD target and thus show unsatisfactory efficacy in
the prophylaxis of Candida spp. infections. The PTA analysis results indicated the limited
utility of the doses in the SmPC when it is necessary to achieve fAUC/MIC > 100, assuming
a Candida spp. MIC = 2 mg/L. In the case of a lesser PK/PD target (FAUC/MIC > 50), the
doses between 6 and 12 mg/kg were sufficient to achieve a PTA > 90%. The need for higher
dosages in the pediatric cancer patient population is consistent with the observations of
Van Der Elst et al., resulting in recommendations for usage of 12 mg/kg doses in their
hospital [14]. According to the PTA analysis, the MIC values > 2 mg/L make it impossible
to achieve the PK/PD target (fAUC/MIC > 100) with the FLU doses included in the SmPC.
This observation is consistent with the data for Candida spp. susceptibility to FLU treatment
presented in the latest “Breakpoint tables for interpretation of MICs for antifungal agents”
established by the EUCAST [16,18].

The individual PK of patient ID: 9 stands out (Figure 1). The explanation most
notably for the low CL (0.006 L/h/kg) was the patient’s young age of 6 months. This is
supported by the Fluconazole Product Label and pharmacokinetic studies conducted in
infants [3,30,44,46]. The median CL reported by Watt et al. for non-ECMO patients aged
31 days to 2 years was 0.017 L/h/kg with a range of 0.008 to 0.029 L/h/kg. Thus, patient
ID: 9 was excluded from the fitting analysis and is presented in the graphs as a red dot
(Figures 2 and 3).

Our main limitation is the small number of patients and plasma samples per patient.
This is due to difficulties in recruiting pediatric patients, which resulted in high refusal rates.
A less critical limitation is the inability to determine the free fraction of FLU. However,
binding to proteins at ~11% would have a minor impact on the PK of FLU. Given the above,
we recommend caution in the clinical implementation of our study results. The raw data
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listed in the Supplementary Materials may help expand the knowledge of PK FLU in the
search for optimal FLU therapy in the pediatric population.

5. Conclusions

Body weight implemented as allometric scaling influences the elimination of FLU,
leading to the need for tailoring dosages to achieve the assumed PK/PD target for Candida
spp. infection prophylaxis. As a rule, decreased weight (correlated with younger age)
requires increased FLU doses per kg of body weight. Although the eGFR was not included
as one of the covariates in the popPK model, indirect analysis confirmed its effect on
fluconazole’s CL as observed in studies to date. In general, doses < 6 mg/kg pose a risk
of subtherapeutic concentrations and, as a consequence, higher (6-12 mg/kg) doses are
recommended for hemato-oncologic pediatric patients. In turn, even higher than registered
FLU dosages might be required to reach an fAUC/MIC > 100; however, its safety has not
yet been studied. The described approach does not apply to Candida glabrata, for which the
MIC determining susceptible strains is < 0.001 mg/L [18].

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ pharmaceutics17040488/s1, Figure S1: Dose-normalized concen-
trations for each dose group versus time; Figure S2: Dose-normalized concentrations (logarithmic
scale) for each dose group versus time; Figure S3: Goodness-of-fit plots of the final fluconazole
one-compartment model; Figure S4: VPC plot of the final fluconazole one-compartment model;
Figure S5: Distribution of residuals; Figure S6: Model parameter distribution; Figure S7: Random
effects plots; Figure S8: Correlations of random effects; Figure S9: Correlations of random effects
excluding outlier (marked in red); Figure S10: Probability of target attainment charts for fluconazole
dosages 3-18 mg/kg, body weight 6-60 kg, and fAUC/MIC > 100 (top) or fAUC/MIC > 50 (bot-
tom) assuming Candida spp MIC = 2 mg/L; Figure S11: Probability of target attainment charts for
fluconazole doses 3-12 mg/kg, body weight 6-60 kg, and fAUC/MIC > 100, assuming different
Candida spp MICs; nlmixr2 final model code; GitHub repository hyperlink.
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Abbreviations

The following abbreviations are used in this manuscript:

ALT Alanine aminotransferase

AST Aspartate aminotransferase

BIC Bayesian Information Criteria

BW Body weight

CL Clearance

COVi Individual value of a covariate

CRP C-reactive protein

CV% Coefficient of variation

CWRES Conditional weighted residuals

eGFR Estimated glomerular filtration rate

EUCAST The European Committee on Antimicrobial Susceptibility Testing
fAUC Area under the free drug concentration—time curve
FLU Fluconazole

FOCEI First-order conditional estimation with interaction
GOF Goodness of fit

HPLC-UV  High-performance liquid chromatography with ultraviolet detection
v Interindividual variability

MIC Minimum inhibitory concentration

OFV Objective function value

PCT Procalcitonin

PK Pharmacokinetic

PK/PD Pharmacokinetic/pharmacodynamic

popPK Population pharmacokinetic

PTA Probability of target attainment

SCr Creatinine serum

SmPC Summary of Product Characteristics

TDM Therapeutic drug monitoring

%4 Volume of distribution

VPC Visual Predictive Checks

WT Body weight

ni Random effect

fcov Estimated effect of the covariate on the parameter
0i Individual parameter estimate

Opop Population estimated value for the parameter
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Abstract: Liposomal amphotericin B (Ambisome®) is the gold standard for the treatment and preven-
tion of fungal infections both in the adult and pediatric populations. The lyophilized dosage form
has to be reconstituted and diluted by hospital staff, but its management can be challenging due to
the spontaneous tendency of amphotericin B to form aggregates with different biological activity.
In this study, the colloidal stability of the liposomes and the chemical stability of amphotericin B
were investigated over time at storage conditions. Three liposomal formulations of amphotericin
B at 4.0 mg/mL, 2.0 mg/mL, and 0.2 mg/mL were prepared and assayed for changes regarding
the dimensional distribution, zeta potential, drug aggregation state, and onset of by-products. Our
analyses highlighted that the most diluted formulation, kept at room temperature, showed the
greatest changes in the aggregation state of the drug and accordingly the highest cytotoxicity. These
findings are clinically relevant since the lower dosages are addressed to the more vulnerable pa-
tients. Therefore, the centralization of the dilution of AmBisome® at the pharmacy is of fundamental
importance for assuring patient safety, and at the same time for reducing medication waste, as we
demonstrated using the cost-saving analysis of drug expense per therapy carried out at the G. Gaslini
children hospital.

Keywords: AmBisome®; liposomes; amphotericin B; hospital pharmacy; compounding; pediatric
formulations; medicines for children; heath expenditure

1. Introduction

Amphotericin B (AmB) is a macrolide polyene obtained from Streptomyces nodosus
effective against most clinically relevant fungal species. It is one of the oldest antifungal
drugs; nevertheless, up to now it remains still the gold standard of antifungal therapy
thanks to its broad-spectrum activity and absence of induction of resistance [1]. Its mech-
anisms of action have been extensively studied, and it is acknowledged that AmB forms
pores in cell membranes leading to an electrolytic imbalance and loss of essential cellu-
lar components. This efficiency in permeabilizing cell membranes is associated with a
greater affinity of the drug towards ergosterol than cholesterol, leading to a high cyto-
toxicity towards pathogens. However, to date, all the mechanisms involved are not fully
understood, and several hypotheses have been put forward [2]. Indeed, AmB can enter
the cells and trigger overproduction of reactive oxygen species (ROS); thus, the increased
level of these free-radicals and the imbalance of ions produce multiple detrimental effects
on the cellular components (membrane, mitochondria, proteins, and DNA), resulting in
fungal cell death [3]. Unfortunately, severe toxic effects are associated with AmB admin-
istration, particularly towards red blood cells and kidney cells, and the balance between
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toxicity /activity seems to be ascribable to the spontaneous aggregation of the drug. It has
been reported that the activity of the drug is tuned by the different states of aggregation
of the molecule, which spontaneously self-assembles, forming aggregates that are more
water soluble [4]. As depicted in Figure 1, the chemical structure of AmB can be divided
into four parts: polyene chain, polyol chain, polar tail, and polar hydrophilic zwitterionic
head encompassing the mycosamine moiety and the carboxyl group.

Figure 1. Chemical structure of AmB: polyene chain (red loop), polyol chain (light blue loop), polar
tail (green loop), and zwitterionic head (purple loop).

Notably, at submicromolar concentrations, the monomers associate in oligomers,
usually dimers, even though it is believed that they can contain between four and eight
molecules of the drug [4]. Particularly, the drug’s tendency for self-aggregation into
dimers is driven by hydrophobic forces that lead to the formation of parallel or antiparallel
dimers, while the dipole-dipole interaction between zwitterionic head groups is mostly
irrelevant for the association of AmB monomers, even though it possibly modulates the
parallel-antiparallel equilibrium [4]. Moreover, Zieliniska et al., on the basis of previous
studies [5,6], suggested that AmB monomers are capable of permeabilizing only fungal
membranes, while AmB dimers are responsible for the side effects due to the interactions
with cholesterol-rich membranes. Indeed, the double bond present in the lateral chain
of ergosterol represents the structural element responsible for its higher affinity for AmB
and consequently for its selective toxicity against fungi [6]. Particularly from studies on
fungal membrane, it was found that AmB firstly binds to cell membranes and then forms
complexes with ergosterol [7]. More recently, it was demonstrated that AmB—ergosterol
complex spans a lipid bilayer with single-molecule length [8]. This result suggests that
AmB’s antifungal activity lies in its ability to form membrane pores due to aggregation of
AmB—ergosterol complexes. Moreover, the effect of the aggregation state of AmB on its
selectivity of interaction with ergosterol with respect to cholesterol was also demonstrated.
The monomeric form (i.e., at concentrations < 10~/ M, below the CMC) of AmB interacts
selectively with ergosterol-containing and not with cholesterol-containing monolayers.
On the contrary, above CMC, AmB can promote the extraction of cholesterol from the
membrane and, thus, cause toxic effects. Rivnay et al. speculated that the monomeric
form of AmB being present in negligible concentrations, as the drug is poorly soluble in
both aqueous and highly hydrophobic media (membrane bilayers), its contribution to drug
toxicity could be quite irrelevant [9].

Conversely, an increase in solubility associated with a reduction of toxicity was
achieved with the transition from homo-aggregates (i.e., oligomers of pure AmB) to hetero-
aggregates containing surfactants or lipids [10]. Such structures were found to be less likely
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to form pores in cholesterol-containing membranes, thus reducing the onset of adverse
effects typically presented by the free drug. The first nano-formulation, marketed in 1958,
was a combination of AmB with deoxycholate (Fungizone®); subsequently, in the 1990s,
further efforts were made to ameliorate the therapeutic efficacy and lipid complex with
two phospholipids (Abelcet®), liposomal AmB (AmBisome®), and colloidal dispersion
with cholesteryl sodium sulphate (Amphotec®), which reached the market [10]. Simultane-
ously, researchers had been developing several nano-based drug-delivery systems such as
polymeric nanoparticles, conjugates, lipid-based delivery systems, nano-emulsions, and
nano-suspensions [11].

To date, among all the injectable formulations studied and proposed, AmBisome® is
considered the gold standard for the treatment of visceral leishmaniasis and it is indicated
for prophylaxis for invasive fungal infection in patients receiving immunosuppressive
therapy, for empiric therapy in prolonged febrile neutropenia, invasive aspergillosis and
candidiasis, and for the treatment of Cryptococcal meningitis in HIV-infected patients, both
for the adult and pediatric populations [12]. In 2021, global sales of AmBisome® reached
USD 540 million and are expected to amplify [13]. Although the increasing incidence of
life-threatening infections and hospital-acquired infections are the major growth driver
for the AmBisome®’s sales, the rising demand for targeted therapies together with the
increasing number of approved indications are adjunctive factors that contribute to its high
market success.

However, it should be stressed that liposomal AmB is difficult and expensive to manu-
facture and most of the global supply is produced by a single company. To drive down the
price, bioequivalent formulations are under development, but, to date, no EMA (European
Medicines Agency)-approved generic version is available on the market. As stated by the
board of the European Confederation of Medical Mycology (ECMM), there is an unmet
need in Europe and beyond for more affordable lipid-based AmB nano-formulations [14].
To support this requirement, EMA developed a product-specific document on the demon-
stration of equivalent efficacy and safety of a liposomal AmB formulation: “Liposomal
amphotericin B powder for dispersion for infusion 50 mg product-specific bioequivalence
guidance” [15]. Scientific experts have been questioning for a long time how to evaluate
generic liposomal formulations. In this regard, in 2013, EMA released a reflection paper to
support a marketing authorization of intravenous liposomal generic product [16]. In this
context, several research works have been published to validate the comparability of lipo-
somal formulations. Indeed, it has been already demonstrated that even if the qualitative
and quantitative liposomal compositions are identical, the toxicity of the formulation could
be higher than that of the originator if the manufacturing process is different, as seen for
Anfogen® and Lambin®. The hypothetical reason for this difference probably lies in the
existence of a significant difference in the drug aggregation state [9].

In recent years, despite the AmB therapeutic index having been improved by its encap-
sulation in the liposomal delivery system, concerns associated with the administration of
this medicine still persist. The handling and managing of AmBisome® by health care staff
can be challenging. One case has been reported of confusion between AmBisome® and
Fungizone® which led to the rehospitalization of a 9-year-old patient [17], and the utiliza-
tion of an order panel was encouraged for safe ordering and administration of AmB [18].
Although most are familiar with the high-alert and look-alike/sound-alike concerns, this
medication poses other significant risks as well. Anaphylactic-like and infusion reactions
have also been reported with all formulations of AmB [18]. In addition, AmB is incom-
patible with sodium chloride; therefore, it can be challenging to recall the appropriate
sequencing of the hydration therapy. Another relevant issue is the pharmacoeconomic
aspect related to the rational and cost-effective use of the liposomal formulation. On the
basis of these considerations, from May 2022, the hospital pharmacy of the G. Gaslini
Children Hospital (Genoa, Italy) considered restricting the preparation of AmBisome®
to the pharmacy (i.e., vials unavailable in floor stock) with the aim to better preserve
a check system, and to optimize dispensing and scheduling. It is well understood that
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the colloidal stability of nanoparticles is an important parameter that can directly affect
the safety and the efficacy of the drug. For all these reasons, we evaluated the colloidal
stability of AmBisome® under in-use storage times undertaken in the hospital pharmacy,
thus supporting the attempt of the pharmacists to warrant clinical benefits to patients in a
cost-effective manner. The aim of this research was to investigate the colloidal stability and
the cytotoxic activity of AmBisome® formulations both in sterile water or in 5% glucose
solution maintained at room temperature or at 4 °C up to one week from reconstitution, for
better guiding the clinical use of AmBisome®. Chemical stability was also monitored by
HPLC-DAD analysis to evaluate the possibility of extending the expiration date for use of
AmB. Finally, we also analyzed the number of vials dispensed before and after the decision
of using the pharmacist-provided medication therapy-management approach in order to
establish if the procedure led to a minimization of the costs.

2. Materials and Methods
2.1. Materials

AmBisome® was purchased from Gilead Sciences Srl (Milan, Italy), sterile water was
purchased from Eurospital S.p.A. (Trieste, Italy), and 5% glucose solution for infusion was
from Fresenius Kabi (Isola della Scala, Verona, Italy). All solvents and reagents were of
HPLC grade and purchased from Merck KGaA (Darmstadt, Germany).

®

2.2. Reconstitution and Dilution of Ambisome® in the Hospital Pharmacy

The reconstitution instructions and the procedures for dose adjustment are disclosed
in the Summary of Product Characteristics (SmPC) agreed with Italian Medicines Agency
(AIFA) [19]. Briefly, the lyophilized yellowish powder was reconstituted using 12 mL
sterile water so as to have a drug concentration of 4 mg/mL AmB. Then, the liposomal
suspension was vortexed for 30 s until aggregates dissolved and homogeneity was reached.
The infusion to be administered in patients was obtained by transferring an aliquot of the
suspension with a sterile syringe equipped with a 5 um filter into an infusion bag containing
5% glucose whose volume had been previously adjusted so as to have a final concentration
of drug ranging from 0.2 to 2 mg/mL, according to patient’s weight (Figure 2).

|): —E

i dilution
12 mL with 5%
sterile vortex
water 30

:

glucose  Amphotericin B
0.2 mg/mL

filtration
B
%,
Ambisome® Amphotericin B G’Eﬁ
50 mg 4 mg/mL \'

Ampbhotericin B
2mg/mL

Figure 2. Sketch of reconstitution and dilution of the liposomal suspension to be infused in patients.

2.3. Sample Preparation

According to manufacturer’s instructions, AmBisome® is a single-dose unpreserved

sterile lyophilized powder that can be stored and administered without protection from
light. Once reconstituted, the drug must be used immediately to avoid microbiological
contaminations; modifications of in-use storage times and conditions are under the re-
sponsibility of the users. However, when the handling of the product is conducted under
validated aseptic conditions, the manufacturer gives some indications. In Table 1, the
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in-use storage times after opening AmBisome® suggested by the manufacturer and those
employed in the hospital pharmacy are summarized.

Table 1. In-use storage times after opening AmBisome® suggested by the manufacturer and employed
in the hospital pharmacy.

. Concentration of Maximum Duration of Storage at 4 °C Maximum Duration of Storage at 25 °C
Diluent
AmB (mg/mL) Manufacturer Hospital Manufacturer Hospital
Water for injection 4.0 7 days 7 days 24h N'!
5% glucose 2.0 7 days 24h 48 h N
5% glucose 0.2 4 days 4 days 24h N

1 N = not in-use condition.

2.4. UV-Visible Spectrophotometry for Qualitative Analysis

The aggregation states of AmB can be identified using an UV-visible spectrophotome-
ter (Evolution 300, ThermoFisher Scientific, Segrate, Italy), with a quartz cuvette with a path
length of 1 cm. In order to determine the predominant aggregation state of Amb formula-
tions under storage conditions, AmBisome® was reconstituted in sterile water and diluted
as described above to obtain three formulations containing 4, 2, or 0.2 mg/mL AmB each.
The resulting suspensions were scanned between 300 and 450 nm wavelengths at different
time points (0, 1, 2, 3, and 7 days). The analysis was performed both on samples maintained
at room temperature or at 4 °C. Three parameters were extracted for the characterization
of the formulations: Apmax (main peak position, 322 nm); main peak width (at 2/3 height)
reflecting heterogeneity of the species; and peak ratio. The ratio was calculated by dividing
the absorbance of the first peak (322 nm), characteristic of the oligomer, by the absorbance
of the fourth peak (416 nm), representative of the monomer [20]. The three liposomal
formulations obtained after reconstitution and dilution with sterile water and 5% glucose
(according to manufacturer’s instruction) were further diluted with deionized water, prior
spectrophotometric analysis, to 8.7-22.0 uM to assess the oligomer/monomer ratio. Data
represent the mean + SD of three independent experiments.

2.5. In Vitro Colloidal Stability of Liposomal AmB Formulations

Mean diameter (Z-average), polydispersity index (PDI), and zeta potential (3) of the
liposomal formulations were recorded at 25 °C using a Malvern Nano Z5S90 light scattering
apparatus (Malvern Instruments Ltd., Worcestershire, UK) at a scattering angle of 90°.
The apparent equivalent hydrodynamic radii of the liposomes were calculated using the
Stokes-Einstein equation. For the measurements, aliquots of liposomal formulations were
withdrawn and diluted when necessary to 0.2 mg/mL AmB with sterile water or 5%
glucose solution according to the type of medium present in the sample. The results from
these light scattering experiments were presented as the average values & SD obtained from
three different batches and carrying out three runs of ten measurements per sample. The
in vitro colloidal stability of reconstituted formulations was also studied by Nanoparticle
Tracking Analysis (NTA) using a Nanosight NS300 (Malvern) apparatus equipped with a
352 nm green laser, according to the manufacturer’s software manual [21]. Briefly, samples
were diluted in PBS to reach the ideal measurement concentration within a range of
20-100 particles per frame by preliminary tests. For this purpose, we found that samples
had to be diluted 1:5 x 10°. Camera level was increased until all particles were distinctly
visible, not exceeding a particle signal saturation over 20%, and the ideal detection threshold
was determined by limiting the blue crossings to 4 per frame. Each sample was measured
5 times with a syringe flow rate of 50 uL/s, at a cell temperature of 25 °C. To minimize
data skewing based on single large particles, the number of completed tracks in NTA
measurements was always above the minimum value of 1000. Data have been analyzed by
the in-built NanoSight Software v3.4.4 and the final histogram of each sample is the result
of an average of the multigraph of the five analyzes performed.
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2.6. HPLC Assessment

Chromatographic experiments were performed by RP-HPLC analysis, with Hewlett-
Packard HP1100 system (Palo Alto, CA, USA) consisting of a quaternary pump, continuous
vacuum degasser, equipped with a Rheodyne 7125 manual sample injector and a Hewlett-
Packard HP UV-vis diode array detector (DAD). A HP ChemStation data system was used
for data acquisition and handling. Chromatographic separations were achieved using a
LiChroCART Purospher Star RP18-e column (250 mm X 4.6 mm i.d.) (5 pm) (Merck, Darm-
stad, Germany) combined with a Merck LiChroCART 4-4 LiChrospher 100 RP18 (5 pm)
guard column. Elution was carried out isocratically with a mobile phase acetonitrile:water
(90:10, v/v) containing 0.1% trifluoroacetic acid, at a flow rate 2 mL/min, and an injection
volume of 20 pL. Detection and chromatographic acquisitions were performed at 406 nm,
and peak spectra were recorded by setting the diode array detector from 190 to 500 nm.
Identification was carried out by comparing retention times (Rt) and UV absorbance spectra
with the reference standard.

2.7. Cytotoxicity Studies

Human Embryonic Kidney (HEK) 293 were maintained in complete medium (Dul-
becco’s modified Eagle medium; Sigma, Livonia, MI, USA) containing 10% v/v heat-
inactivated fetal bovine serum (Gibco-Invitrogen S.r.1., Carlsbad, CA, USA) and 50 IU/mL
penicillin G, 50 pg/mL streptomycin sulphate, and 2 mM L-glutamine (all reagents from
Euroclone S.p.A., Milan, Italy). In order to assay changes in cell viability after exposure to
liposomal AmB formulations, HEK-293 cells were seeded in quadruplicate in a 96 w plate,
10,000 cells per well in 200 pL of complete medium. After 24 h, the medium was removed,
and the cells were exposed for 24 h to: (i) fresh complete medium, (ii) different final drug
concentrations (20, 50, 100, 150 uM) from three different stock liposomal formulations of
AmB at 4.0 mg/mL (4.32 mM), 2.0 mg/mL (2.16 mM), or 0.2 mg/mL (0.22 mM), either
prepared at the time (0 days) or prepared and used after 4 days and stored at two different
temperatures, at 4 °C or room temperature (R.T., 25 °C), and (iii) only water for injection
or 5% glucose corresponding to the volume collected from the three stock liposomal for-
mulations (4.32, 2.16, 0.22 mM) to test the final drug concentrations of 20, 50, 100, 150,
and 200 uM. The viability of HEK-293 cells was evaluated by CyQUANT® Direct Cell
Proliferation Assay (Thermo Fisher Scientific, Life Technologies, Milan, Italy) in according
to the manufacturer’s instructions. Briefly, after 24 h of treatment, an equal volume of
detection reagent was added to the cells in culture and incubated for 1 h at 37 °C. The
fluorescence of the samples was measured using the monochromator-based M200 plate
reader (Tecan, Médnnedorf, Switzerland) set at 480/535 nm.

2.8. AmBisome® Therapy Optimization: Cost-Saving Analysis

Health expenses, including costs directly related to treatments, are increasing in many
countries due to the general progress in medicine that has led to an increase in the average
age of populations. The optimization of medication distribution represents an opportunity
to improve safety and reduce costs. Indeed, maximizing rational drug use is an important
part of the drug control system. At the G. Gaslini children hospital (Genoa, Italy), until May
2022, AmBisome® was given through the nursing station and the pharmacy only supplied
the drug to departments. In an attempt to minimize cost, medication floor stocks were
removed, and individual prescriptions were managed only by the pharmacists. In order
to quantify the amount of pharmaceutical expenditure, an analysis of the direct medical
costs of administering AmBisome® was carried out before and after the establishment of
the pharmacy-provided medication therapy management.

2.9. Statistical Analysis

All the experiments were performed at least three times. Concerning biological studies,
each set of experimental conditions for assays was tested in 96-well plates and carried out
in quadruplicate. Statistical analyses were determined by ¢ test with Welch’s correction
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two-tailed, or by two-way ANOVA with Bonferroni post hoc test, using GraphPad Prism 5
(GraphPad Software v5.0, San Diego, CA, USA). Differences were significant when p-value
ranges were: * =p < 0.05, ** = p < 0.01, ** = p < 0.001.

3. Results and Discussion
3.1. UV-Visible Spectrophotometry

AmB possesses a very limited solubility in water at pH 7.4 (below 0.001 mg/mL),
although at basic and acidic pH, its solubility is much higher (0.1 mg/mL). This is due
to the ionization of the primary amine and carboxylic acid, but the consequent increase
in drug degradation recommends its storage as a solid dosage form. For this poor water
solubility, AmB has a high tendency to self-assemble in aqueous media by interacting
with neighboring polyene chains. In this context, the monitoring and detection of an
aggregation state is essential, because it is related to drug activity and toxicity [22]. As
highlighted in previous studies, AmB monomers being highly unstable in aqueous medium,
tend to gather quickly; it is supposed that the toxic effects (correlated to the increase in
membrane permeabilization) could be affected by the presence of aggregates in solution [4],
easily detectable by UV-visible spectrophotometric analysis. In this study, the monomeric
state was identified by dissolving AmBisome® in methanol at an AmB concentration of
0.094 mg/mL (Figure 3 blue line), with a typical AmB UV-Vis spectrum, characterized
by three main peaks at around 363, 383, and 407 nm. The methanolic spectrum mostly
reflects the monomeric form of the drug, displaying two main peaks and a third peak of
half intensity. Weak absorption peaks can also be observed below 350 nm. As aggregation
takes place, absorption bands become prominent between 320 and 350 nm. Indeed, the
spectrum of AmBisome® dissolved in water at 0.188 mg/mL showed a characteristic broad
peak at 322 nm (Figure 3 red line), ascribable to the hetero-aggregates and three small
peaks, typical of the monomeric state.

300 400 500 600
nm

®

Figure 3. Representative UV-visible spectra of AmBisome™ reconstituted in sterile water

(0.188 mg/mL, red line) or methanol (0.094 mg/mL, blue line).

The ratio between the absorption intensity of the first peak (at 322 nm) and the
fourth one (at 416 nm) can be used to monitor the aggregation state of AmB. In addition,
monitoring the absorption spectra over time could be useful to reveal a drug release, as
it can cause a modification of the drug aggregation forms in solution. Therefore, in order
to establish if accidental leakage occurred after opening and dilution of AmBisome®, in
this study, we checked the absorption ratio changing between peak 1 and peak 4. The
spectral study was carried out for a week at storage conditions, in terms of temperatures,
concentrations and media employed in order to monitor the aggregation state, and thus the
physical stability of the formulations. According to the absorption intensity of the peaks,
this ratio would be lower for a shift towards monomeric AmB forms and higher for a shift
towards oligomeric AmB. Up to one week, all the liposomal formulations containing 4, 2, or
0.2 mg/mL AmB, respectively, kept at RT or 4 °C, displayed no variations in the main peak

24



Pharmaceutics 2024, 16, 466

position, at Amax = 322 & 1 nm, and the average peak width value was 10 + 1, suggesting
no differences in heterogeneity of species among all the tested formulations [9]. On the
contrary, the peak intensity underwent a slight modification, as shown in Figure 4.

Main Peak Ratio

)
o

Days

--®--4.0mg/mL 4°C —8—4.0mg/mL RT —&—2.0mg/mL RT
--0--2.0mg/mL 4°C --@--0.2 mg/mL 4°C —@— 0.2 mg/mL RT

Figure 4. Changes in peak ratio over time under storage conditions. The ratio was calculated by
dividing the absorbance of the first peak at 322 nm, characteristic of the oligomer, by the absorbance of
the fourth peak at 416 nm, representative of the monomer. The results are reported as the mean + SD
(n=23).

The freshly prepared liposomal formulations showed ratios ranging from 8.4 to 8.7,
therefore nearly equivalent among each other. However, by increasing storage time after
opening, the absorbance ratio between the first peak at 322 nm and the fourth peak at
416 nm decreases over time ranging from 8.1 to 7.1, reflecting some changes in the AmB
aggregation state. The increment of the monomeric state occurred gradually and early
after 24 h, more evident for the formulations kept at RT than those at 4 °C. Notably, the
liposomal formulation at 0.2 mg/mL showed the highest ratio decrement, suggesting the
greatest alteration in comparison to the other ones. To date, there are not comparable data
in the literature, as a similar study has not been performed yet. Svirkin et al. observed
a decrease in peak intensity at 415 nm after heating up to 70 °C, concluding that curing
led to tighter aggregation and a decrease in drug release [23], while Liu et al. compared
AmBisome® to some generical AmB formulations licensed in India and confirmed the influ-
ence of the manufacturing process on the aggregation state, drug release and toxicity [20].
However, they concluded that differences in manufacturing can induce alterations in the
supramolecular structure and integrity of the liposomes, which in turn can increase the
existence of free AmB, thus explaining the higher toxicity of equivalent formulations. Here,
we observed a shift towards monomeric aggregates depending both on storage temperature
and initial drug concentration. These changes could be related to a partial drug leakage, as
corroborated by the studies of Svirkin and Liu. Indeed, in vitro release studies in clinically
relevant media of AmB from AmBisome® revealed a fast drug release, characterized by
a first-order kinetic model [24]. On the basis of these considerations, we hypothesized
that the shift towards monomer formations followed the release of the drug from the
liposome bilayer. Moreover, our samples showed neither any precipitates nor aggregation
of liposomes during the period considered, as revealed by the size distribution analysis,
suggesting that the arisen monomeric forms could subsequently generate the formation of
new and harmful dimers in solution.

3.2. In Vitro Colloidal Stability of Nanoformulations

The colloidal stability of reconstituted liposomal suspensions is a prerequisite detri-
mental for the clinical use of AmBisome®. In this study, we assayed the size distribution,
PD], and zeta potential of nanoparticles dispersed in sterile water at 4.0 mg/mL AmB and
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then diluted with 5% glucose solution, reaching drug concentrations of 2.0 mg/mL and
0.2 mg/mL, according to the manufacturer’s instructions. The study was performed on the
three formulations at different time points: immediately after reconstitution or dilution,
after 1, 2, and 4 days or 7 days under storage condition (4 °C). Notably, the solution at
4 mg/mL was kept in the fridge for up to 7 days, since the manufacturer granted for its
stability for this maximum storage duration. It is important to note that the manufacturer
recommends suspension filtration with a 5 um filter, before dilution with a 5% glucose
solution. The mean diameter of the freshly prepared formulations containing 0.2 mg/mL,
2.0 mg/mL, and 4.0 mg/mL AmB were 108.9 nm, 97.5 nm, and 91.9 nm for the samples, re-
spectively (Figure 5). All liposomal formulations have mainly similar sizes around 100 nm
with a polydispersity index of around 0.2.
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Figure 5. Representative size distributions obtained by DLS of freshly prepared liposomal formu-
lations: (A) 4.0 mg/mL AmB in sterile water, (B) 0.2 mg/mL, and (C) 2.0 mg/mL AmB in 5%
glucose solution.

These data are quite in agreement with those provided by Ye et al., whose findings
showed an average diameter of 131 nm for a 1.0 mg/mL AmB diluted with a 5% dextrose
solution [25], and more in line with the results exposed by Liu et al., which provided a
value of 103 nm for the 4.0 mg/mL formulation [20]. As mentioned above, we monitored
the properties of the liposomal formulations by DLS at specific time points to investigate
changes occurring on the temporal scale. As reported in Table 2, the DLS technique did not
evidence any significant variation within each type of sample stored at 4 °C up to 4 days
or 1 week, thus confirming the high stability of the lipid bilayer of the delivery system.
We furtherly prolonged the time of observation up to 14 days, but no significant changes
were detected.
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When analyzed by NTA, the same formulations always had a mean diameter slightly
smaller than that determined by DLS (Table 2, Figure S1). This result is in contrast with
the findings of Liu et al. [20], whose study revealed always larger values for NTA-based
measurements. This slight discrepancy among the two research studies may lie in the
difficulty in characterizing nano-systems like liposomes linked to the complexity of man-
ufacturing processes and reproducibility of the scale-up, all factors that may influence
the uniformity of the batches. Moreover, while the sizes remained similar over time for
the two formulations diluted in 5% glucose, the liposomal AmB 4 mg/mL suspension
showed an increase in the diameter from 87 nm to 104 nm. This increase in diameter
could be related to the external osmotic pressure to which the liposomes are subjected,
being dispersed in a hypotonic medium (sterile water) [26]. Regarding the superficial
electric charge measured by DLS, we found that the zeta potential hardly changed with
time within 4 days or 1 week (Table 2, Figure S2). AmBisome® consists of three lipids: hy-
drogenated soybean phosphatidylcholine (HSPC), distearoyl phosphatidylglycerol (DSPG),
and cholesterol. DSPG is an anionic phospholipid, while HSPC and AmB are zwitterionic
molecules; therefore, the surface of the liposomes became negatively charged, like most
liposomal products on the market. This negative net charge assures colloidal stability and
avoids flocculation processes. In fact, during the time period considered, we observed
neither formation of precipitates due to drug desolvation, nor clusters of nanoparticles as
confirmed by NTA. In this study, the number of particles in suspension remained almost
constant or at least of the same magnitude order for each sample, highlighting the high
stability of the supramolecular structure of the liposomes.

3.3. HPLC Analysis

It has been reported that AmB suffers from degradation when exposed to light, heat,
radical initiators, and extreme pH conditions. The by-products have not been isolated
yet, but the most probable reactions involve the highly conjugated polyene backbone,
similar to a lipid oxidation [27]. Moreover, previous studies suggested that the degradation
products may increase drug toxicity, such as acute hemolysis [28]. The chromatographic
conditions used in this study were based on those reported by Espada et al., with some
changes [29]. The detection wavelength for AmB and its related impurities, eventually
present during in-use conditions storage, was set at 406 nm, as already proposed for the
detection of some degradation products [27]. Linearity was maintained with stock solutions
in methanol ranging from 38 to 360 ug/mL AmB. The calibration curve was generated from
the average peak areas from three independent experiments, and the regression equation
of the line was (Y = 32985X + 120.07) with a correlation coefficient of 0.9999 (Figure S3).
With the chromatographic conditions adopted, the main peak of AmB appeared around
7.5632 + 0.1782 min (Figure 54).

In order to determine if the different AmB formulations containing 4.0, 2.0, or
0.2 mg/mL AmB underwent some degradative reactions under storage conditions, HPLC-
DAD analyses were performed on AmB samples after 1, 2, 3, and 7 days from the reconstitu-
tion of the lyophilized sample. Since at hospital the AmBisome® formulations, managed by
the pharmacists for dose adjustments and administration to different patients, were stored
in a fridge, we selected 4 °C for our stability studies. The study of recorded chromatograms,
peak identity, and peak purity up to 7 days did not show any remarkable variation from
the freshly prepared formulations (Figure 6), thus confirming that just storing the drug
at 4 °C prevents chemical reactions and by-product formation. However, during the time
period considered, the chemical stability shown by the drug in these conditions did not
correspond to an unmodified aggregation state, as revealed by spectrophotometric analysis.
This behavior suggests that, when the drug is kept in solution, its rearrangement (interca-
lated or outside the phospholipid by-layer) does not affect any chemical modifications of
the molecule.
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Figure 6. (a) Representative HPLC chromatograms of freshly prepared 4.0 mg/mL AmB in sterile wa-
ter (blue line) and after 7 days (red line). (b) Overlaid UV-Vis spectra of AmB peak (Rt = 7.5632 min)
obtained by DAD related to freshly prepared 4.0 mg/mL AmB suspension in sterile water (blue
line), 0.2 mg/mL AmB in 5% glucose solution (pink line) and after 7 days at 4 °C (red line and green
lines, respectively).

3.4. In Vitro Toxicity Evaluation of AmB Formulations

The in vitro toxicity of the three freshly prepared liposomal formulations, containing
AmB 4.0 mg/mL (4.32 mM) in sterile water, or AmB 2.0 mg/mL (2.16 mM) in 5% glucose
solution, or AmB 0.2 mg/mL (0.22 mM) in 5% glucose solution, were evaluated in HEK-293
cells due to the high incidence of nephrotoxicity exerted by AmB. We performed for the first
time a time- and dose-dependent study on cell viability of the liposomal AmB formulations
as they are prepared in the hospital pharmacy and then administered to patients, aiming to
investigate if the handling and the storage time could exert some unexpected drug effects.
Firstly, the cells were exposed for 24 h to freshly prepared formulations with or without the
drug to assess if the variation in the concentration of the medium constituents could be
responsible itself for some toxic effects or for a decrease in cell proliferation. Therefore, the
cells were exposed to the same volume of buffer (sterile water or 5% glucose) present in
the loaded formulations to evaluate possible alterations in cell viability linked to osmotic
effects or lack of nutrients. As shown in Figure 7, the presence of the buffer reduces in a
significative manner the cell vitality only in the case of 0.22 mM AmB formulation for a
drug concentration of 200 uM. In this case, to reach that concentration of drug, the volume
of the buffer added was at its highest level in comparison with the other samples. On
the contrary, at all the other concentrations tested and for the other two formulations,
the effects on survival rate are ascribable always to the presence of the drug. Notably,
among the liposomal AmB formulations, the AmB 2.16 mM began to be toxic at 50 uM,
while maintaining the same level of toxicity also at the subsequent concentrations tested,
suggesting a non-dose-dependent mechanism. The formulation of AmB 4.32 mM in sterile
water seems less toxic, as it exerted a slight influence on cell vitality only at 100 puM.
On the contrary, the less concentrated AmB liposomal formulation (0.22 mM) showed a
remarkable toxicity at the maximum concentration tested, but this effect is attributable to
the excess of solvent added. Therefore, these results highlighted some differences among
the formulations regarding their biological activity. It is noteworthy that the encapsulation
of the drug into the liposome bilayer significantly reduces AmB cytotoxicity; indeed, the
free drug is highly cytotoxic (>80% cell death) at a concentration of about 2 uM [30].
However, our study demonstrated that the liposomal formulations are not equivalent from
the toxicological point of view. In fact, at the same drug concentration, the effects of the
three liposomal formulations are different. If we exclude the highest drug concentration
(200 uM) at which the effect of the excessive presence of solvent is not negligible, for
all other concentrations the toxicity of the liposomal formulation follows the order AmB
4.32 mM < AmB 0.22 mM < AmB 2.16 mM. These results give a new insight into the safety
of using nanosized drug-delivery systems, confirming the difficulties of standardization of
liposomes [31].
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Figure 7. Three different stock concentrations of formulations containing AmB 4.32 mM, 2.16 mM,
or 0.22 mM were prepared and used at different final drug concentrations 20, 50, 100, and 150 uM
to treat HEK-293 cells for 24 h. Equivalent amounts of solvent without drug were used as blanks
for each sample tested. Data were acquired by the use of the TECAN microplate reader, Infinite 200
(Tecan Life Sciences) set (i.e., 480/535 nm). Data are expressed as the mean + SD of three independent
experiments (* p < 0.05, *** p < 0.001 vs. CTR). CTR—control; uM—micromolar; mM—millimolar;
h—hours.

In order to verify if storage conditions could further alter the biological activity of
AmBisome®, we treated the cells for 24 h with the three liposomal formulations maintained
for 4 days in the fridge or at RT On the basis of the results of the previous experiment, we
selected only the concentrations whose blanks could not interfere with the results, therefore
the 200 uM drug concentration was excluded. As shown in Figure 8, the cytotoxicity of the
formulations was influenced by the storage temperature, and generally, the suspensions
stored at RT were always more cytotoxic in comparison with those maintained in the fridge.
Notably, the discrepancy between the storage at RT and at 4 °C was significantly more
remarkable at the highest concentration (150 pM) for the formulations of AmB 4.32 mM
in sterile water and for AmB 2.16 mM in 5% glucose. Probably, at the highest concen-
trations, the amount of free drug present in solution increases, reaching the capability of
forming dimers. Indeed, when only monomers are present in solution, the drug affects only
ergosterol-rich membranes, and it is less toxic. Conversely, the onset of dimerization, which
is estimated to occur early at about 0.41 uM, reduces drug selectivity and increases drug tox-
icity towards mammalian cells [32]. Therefore, we can deduce that, at R.T., a more markedly
drug leakage occurs; consequently, it is recommended not to leave the formulations outside
the fridge. Curiously, the less concentrated formulation (AmB 0.22 mM) had a different
behavior. In this case, the onset of a significant toxicity started at 50 uM for the sample
maintained at RT and at 100 uM for the sample maintained at 4 °C. These data highlight the
greater stability of the supramolecular system when stored at low temperatures, as revealed
also by spectrophotometric analysis, but also show a remarkable difference among the
three formulations. Particularly, it was evident that the 0.22 mM formulation after 4 days of
storage was more effective in reducing cell vitality. Since the AmB toxicity is always related
to its rearrangement in solution, the presence of free form of the drug outside the liposome’s
bilayer may be the main cause of the detrimental effect exerted on the cell viability by the
drug. Our data indicate that the most diluted suspension was also the most toxic, probably
due to its greater colloidal instability. These results are consistent with those obtained from
the spectrophotometric analysis, which revealed that the AmBisome® dilution to the lowest
concentration employed in the clinical administration was characterized by the presence of
greater changes in the aggregation state. The influence of dilution on the colloidal stability
of a supramolecular system is well recognized [33]. In addition, the greater instability
of the most diluted formulation is consistent with the indications of storage reported in
the SmPC, where it is stated that the stability at 4 °C is granted up to 7 days for AmB
4.32 mM and 2.16 mM, and only up to 4 days for AmB 0.22 mM formulation (Table 1). We
confirmed that the dilution by ten times can transform the AmBisome® suspension into a
less safe formulation. Consequently, pharmacists have to pay more attention to the clinical
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administrations involving the youngest patients, who need low dosages. In summary, it
would be better to consume the more diluted formulations in a shorter period of time,
considering that they are administered to the more vulnerable patients.
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Figure 8. Three different stock concentrations of liposomal formulations containing (A) 4.32 mM,
(B) 2.16 mM, or (C) 0.22 mM AmB were prepared and stored for 4 days at 4° (blue bars) or RT (black
bars), and used at different final drug concentrations of 20, 50, 100, and 150 uM to treat HEK-293 cells
for 24 h. Data were acquired using the TECAN microplate reader, Infinite 200 (Tecan Life Sciences) set
(i.e., 480/535 nm). Data are expressed as the mean + SD of three independent experiments (* p < 0.05,
**p <0.01, ** p <0.001, of 4 °C vs. RT for each final concentration). CTR—control; utM—micromolar;
mM—millimolar; h—hours.
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3.5. The Impact of the Centralized Compounding of AmBisome® at the G. Gaslini Children
Hospital Pharmacy

The shifts towards personalized medicines on the one hand and the pressure on na-
tional health budgets and the shortage of medicines on the other have increased more
and more, compounding the activity of the hospital pharmacy [34]. Among the proce-
dures carried out by the pharmacists, the reconstitution of intravenous medicines, such as
anti-infectives, analgesics, and anti-emetics represent one of the most frequent activities.
Moreover, the European Association of Hospital Pharmacists (EAHP) has greatly encour-
aged the involvement of hospital pharmacies in reconstitution practices and in the creation
of a centralized reconstitution unit, according to the Council of Europe resolution on good
reconstitution practices in healthcare establishments for medicinal products for parenteral
use [35]. The tasks of the hospital pharmacist in this regard include risk management,
supervision of the work quality, and overall work planning.

AmBisome®’s relatively frequent use is related to its broad spectrum of activity and
the limited number of alternatives, as only a few antifungal agents are licensed for use in
children. Published multicenter experiences have demonstrated that liposomal AmB is the
preferred antifungal choice for probable and proven invasive fungal disease in pediatric
patients [36]. The safety and efficacy of AmBisome® has been established in pediatric
patients aged between one month to 18 years old. Dosages can be calculated on the same
per-kg body weight basis as for adults, and the maximum tolerated dose is 10 mg/kg/day,
but with an increasing occurrence of hypokalemia and infusion-related vomiting with
doses above 5 mg/kg/day [37].

For better monitoring of the routine drug prescriptions and to face the necessity of
addressing the medication to the patient needs, the pharmacy of the G. Gaslini children
hospital has opted for the centralized preparation of AmBisome® since May 2022. It has
been demonstrated that the supervision of hospital pharmacists in the preparation of
ready-to-administer products plays an important role in improving quality of care, patient
safety, and cost saving [38]. Prior to May 2022, the reconstitution of the drug could take
place on the ward. Our aim was to evaluate if the strategy of centralization would lead
to a cost-effective drug, by means of waste-reduction, without any detrimental effects on
patient care.

The expenditure associated with AmBisome® utilization is a direct and variable cost,
depending on patient volume. For the quantification of the direct cost associated with
AmBisome®, data were gathered before and after the centralization of the drug preparation.
Firstly, we collected data regarding the number of vials used for all ongoing and set
up therapies (Table 3). Then, we calculated the mean number of vials of AmBisome®
employed per therapy, dividing the number of vials used by the number of treatments
provided monthly. Then, the cost per treatment was obtained by multiplying the number
of vials per treatment by the cost of 1 unit of AmBisome® at the price purchased by the
hospital pharmacy (EUR 146.80). As shown in Table 3, when the medication was distributed
by a ward stock system, the cost per treatment was EUR 814.74; meanwhile, when the
reconstitution of the drug was carried out only at the pharmacy, the price remarkably
decreased to EUR 336.17, thus leading to a cost saving of EUR 478.57 per therapy.

Table 3. Analysis of the cost per therapy associated with the administration of AmBisome® at the G.
Gaslini children hospital before and after the decision of centralization of drug reconstitution.

. . Vials of Number of .
Time Period AmBisome® Used Therapies Vials per Therapy  Cost per Therapy (€)
January 2022 418 72
Before February 2022 306 58 5.55 + 0.35 814.74
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Table 3. Cont.

. . Vials of Number of .
Time Period AmBisome® Used Therapies Vials per Therapy  Cost per Therapy (€)
June 2022 152 83
July 2022 201 91
After August 2022 251 99 229 +0.38 336.17
September 2022 280 106

4. Conclusions

In this study, we investigated the stability under storage conditions of three differ-
ent AmBisome® formulations, corresponding to the dilutions used by the hospital staff
for clinical administration: AmB 4 mg/mL (4.32 mM) in sterile water, AmB 2 mg/mL
(2.16 mM), and AmB 0.2 mg/mL (0.22 mM) in 5% glucose solution. The formulations
were stored at RT or at 4 °C up to 1 week and analyzed for their colloidal and chemical
stabilities. The colloidal stability of the three formulations revealed a reposition of the drug
during storage, starting early after 24 h and being particularly evident at RT. Indeed, we
observed an increase in the monomeric drug forms, probably originating from the onset of
free drug molecules released from the liposomal delivery system. The monomeric forms,
having a low water solubility at submicromolar concentrations, quickly shift towards the
more toxic dimeric forms. The modifications of the aggregation state were more evident
for the 0.22 uM AmB formulation, highlighting a greater colloidal instability of the most
diluted formulation. The biological results were in line with the changes revealed by
spectrophotometric analysis, since the 0.22 uM AmB formulation was the most effective
in reducing cell viability. This increased detrimental effect on cells was not ascribable to
the onset of drug byproducts, as confirmed by HPLC analysis, but it probably depends
on the growing presence of free drug forms of the drug in solution. Thus, our results
demonstrated the difficulties related to handling nanometric supramolecular systems, since
from the same batch of AmBisome®, we obtained diverse-diluted liposomal formulations
highly and differently influenced by drug concentration, time, and temperature of storage.
Only the colloidal stability of the liposomal suspensions remained almost constant for up
to 7 days at 4 °C.

Therefore, the compounding pharmacist has to pay much attention when handling
this medication. On the basis of our results, the pharmacist should avoid RT storage
and consider that more diluted samples are prone to physical instability and greater
toxicity. This aspect is of particular relevance, especially in a pediatric hospital, younger
patients being those requiring the lowest dosages. So, in light of these considerations, the
centralization of AmBisome® dilution at the pharmacy department is absolutely essential
for assuring patient safety, medication quality, and cost saving, as we have demonstrated
by the analysis of drug expense per therapy carried out at the G. Gaslini children hospital.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics16040466/s1: Figure S1—representative size distribu-
tion obtained by NTA system of freshly prepared liposomal formulations; Figure S2—representative
distribution of Zeta potentials of freshly prepared liposomal formulations; Figure S3—calibration
curve of the HPLC assay method; Figure S4—chromatograms of the AmB calibration standard
methanol solutions.
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Abstract: Temozolomide (TMZ) is part of the therapeutic armamentarium used in managing pediatric
cancers; however, available oral forms (capsules) are not adapted for use in children. Our aim was to
assess the dose accuracy and stability of TMZ using capsule contents mixed with food compared with
a novel, ready-to-use liquid formulation specifically developed for children (Ped-TMZ, brand name
KIZFIZO). Dose accuracy and TMZ stability testing were performed with TMZ capsule contents
(90 mg) mixed with food vehicles (apple juice, apple sauce, cream, milk, and mashed potatoes)
and compared to an equivalent dose of Ped-TMZ. Acceptance criteria were predefined for TMZ
(95.0-105.0%) and its degradation product amino-imidazole-carboxamide (AIC; <1%) content. The
delivered dose was significantly higher using Ped-TMZ (96.6 &= 1.2%) and within the predefined
criteria for TMZ content, whereas it was systematically under the lower specifications of 95% using
capsule-derived preparations with apple juice (91.0 £ 1.5%) and apple sauce (91.6 & 1.4%), respec-
tively (p < 0.0001). In chemical stability tests, the four food vehicles (apple sauce, cream, milk, mashed
potatoes) had a significant effect on TMZ stability (p = 0.0042), and the AIC significantly increased
with time in three of the four vehicles (p < 0.0001). Only 1/72 of preparations from capsules met
the predefined acceptance criteria, whereas Ped-TMZ showed no TMZ loss, and the AIC remained
within specifications. In conclusion, mixing TMZ capsule content with food may result in signifi-
cant underexposure, possibly even greater in routine practice, as complete food intake by the child
is unlikely.

Keywords: cancer; oral administration; solution; stability; temozolomide

1. Introduction

Temozolomide (TMZ) is an alkylating agent with demonstrated schedule-dependent
clinical activity against malignant gliomas such as glioblastoma multiforme or anaplastic
astrocytoma in patients from three years of age [1,2]. TMZ is also widely used as standard
chemotherapy to treat pediatric cancers, including neuroblastoma [3-5], medulloblas-
toma [6], and rhabdomyosarcoma [7]. TMZ development was driven by the increasing
interest in the delivery of anticancer drugs via the oral route, which is more convenient for
self-administration and improves patients” quality of life. Solid dosage forms, i.e., tablets
and capsules, are the most preferred pharmaceutical forms because of their advantages,
such as high dosing accuracy, easy handling, long-term stability in ambient conditions,
and patient compliance. As TMZ dosing is based on the body surface area (BSA), the drug
is currently supplied as hard capsules of six different strengths (Temodal®: 5 mg, 20 mg,
100 mg, 140 mg, 180 mg, and 250 mg) to enable dosing flexibility [2].
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Temozolomide demonstrated rapid (Tmax ~1 h) and complete absorption (100% bioavail-
ability) and a linear-to-dose pharmacokinetic (i.e., total body clearance) after oral adminis-
tration of capsules in adult patients under fasting conditions [1,2]. However, the food effect
specifically studied in a pharmacokinetic study in adult patients showed a significant impact
on the pharmacokinetic profile with a Tmax increase and Cpax and AUC( p4 decrease [1].
As it cannot be excluded that the change in Cpay is clinically significant, current product
guidance recommends that TMZ capsules must be swallowed whole with water on an empty
stomach [2]. Nevertheless, the TMZ capsules are large (from approximately 16 mm (size 3
for TMZ 5 mg) to 22 mm (size 0 for TMZ 140 mg to 250 mg) in length), making it difficult
for pediatric patients to swallow [8]. Even if the age at which children can swallow intact
tablets or capsules is highly dependent on the individual and the training that they receive
from healthcare professionals or caregivers, the size of tablets and capsules should be kept
as small as possible [9] and less than 10 mm [10] to improve the acceptability. Furthermore,
the administration of several capsules may be required to achieve the prescribed dose, which
represents an additional barrier for children who are averse to swallowing the solid dosage
form [11]. For TMZ treatment, according to the available dosage strengths, the common dose
of 90 mg (corresponding to a child under the age of 6 exhibiting a BSA of 0.6 m? and treated
with 150 mg/m? of TMZ) is achieved with four capsules of 20 mg and two capsules of 5 mg,
i.e., six capsules of size 2 or 3 to be swallowed by the child. The combination of size and
number of hard capsules of TMZ can affect oral acceptability and potential adherence to
chemotherapy treatment.

In these cases, clinicians may often instruct caregivers to follow common administra-
tion practices in pediatrics [12,13] by opening the TMZ capsules and mixing the powder
content into liquid and/or soft food before spoon-feeding or syringing the mixture to
the child with the aim of improving swallowability and palatability [14,15]. Despite the
lack of scientific information regarding the adverse effects associated with such drug
manipulations or modifications [16], mixing medicines into foodstuffs to facilitate drug
administration is frequent and occurs in one-third of medicines for oral administration to
the pediatric population [11,17]. However, unless the impact of liquid or soft foods used
as vehicles for drug administration on the drug product performance (i.e., drug product
quality attributes) is appropriately assessed and justified [18], this approach should be
avoided for several reasons. Firstly, TMZ is a cytotoxic and teratogenic alkylating agent,
meaning that exposure to the powder can be harmful to caregivers and the family [8,15].
Secondly, administering the accurate dose may be inconsistent and compromised by in-
complete food consumption by the child. Indeed, TMZ is a bitter substance and drug loss
spilled, regurgitated, or left behind in the glass/pot is frequent. Manipulation and opening
of the capsules may further increase the loss of TMZ (e.g., some powder left in the capsule
shell) and thereby increase errors in accurate dosing. Third, as TMZ is unstable under
light and at a pH of 7 or above, mixing the capsule contents with food may result in drug
degradation and suboptimal dosing [15]. Finally, the co-administration of capsules with
food may impact the bioavailability of TMZ [1] with the potential risk of subtherapeutic
drug levels.

Considering these challenges, the European Medicines Agency (EMA) ‘Draft Inventory
of Paediatric Therapeutic Needs” highlighted the need for an age-appropriate formulation
of TMZ [19].

Ped-TMZ (KIZFIZO®, temozolomide 40 mg/mL oral suspension) is a ready-to-use
oral liquid pediatric formulation of TMZ that is currently in development for the treatment
of relapsed or refractory neuroblastoma. This age-adapted and taste-masked formulation
is designed to deliver an accurate high drug load while avoiding drug manipulation and
caregiver exposure to TMZ. The objective of this study was to evaluate the impact of TMZ
capsule manipulation on the main critical quality attributes, accuracy (assay), and stability
of TMZ, compared with the ready-to-use Ped-TMZ suspension. Pediatric patients who
require TMZ treatment typically receive doses of 80-120 mg [15]. For the purpose of this
study, a dose of 90 mg was chosen corresponding to a child under the age of 6 exhibiting
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a BSA of 0.6 m? and treated with 150 mg/m? of TMZ. Different liquids and soft foods
were selected with regard to the reported use [20] or likelihood to be used in the targeted
pediatric population (children from the age of 1 year) and to cover the range of various
food components (e.g., caloric content), physicochemical properties (e.g., pH, texture) and
temperature administration (e.g., ambient or hot). Due to the pH-dependent hydrolysis of
TMZ [21], vehicles of various pH levels were selected. Apple sauce and apple juice were
selected for their acidic pH environment. The other vehicles (chocolate cream, mashed,
and infant milk) were chosen for their anticipated neutral pH and their different textures,
compositions, and temperature administrations. Additionally, apple sauce and apple juice
(in which the chemical stability of TMZ is supposed to be favorable) were used to assess
the potential impact of the vehicle texture (liquid vs. soft food) on the delivered dose, e.g.,
related to any potential loss of the vehicle. The holding time was assessed over one hour
after the preparation of the mixture and was considered a reasonable timeframe consistent
with real life.

2. Materials and Methods
2.1. Dosage Forms

In total, 20 mg capsules and 5 mg capsules of Temodal® were purchased from Merck
Sharp & Dohme, Puteaux, France.

Ped-TZM (KIZFIZO®, ORPHELIA Pharma, Paris, France), a ready-to-use suspension
containing 40 mg/mL of TMZ, is an investigational product comprising the following
excipients: xanthan gum; citric acid, silicon dioxide, sodium benzoate, sucralose, cola
flavor, and purified water. Ped-TMZ is manufactured by mixing excipients in purified
water before the introduction of TMZ. After at least 30 min of stirring with TMZ, the
suspension is filled into bottles [22].

2.2. Liquid and Soft Food Vehicles

Liquid and food vehicles are listed in Table 1. They were purchased from a local
supermarket in France. The pH was measured at ambient temperature using the SevenGo
Duo Pro pH meter (Mettler-Toledo SAS, Viroflay, France). The nutrition information of the
vehicles is reported in Table 2.

Table 1. Vehicles investigated in the study.

Liquid/Soft Food Brand Name Packaging pH Texture
Apple juice Joker 1L bottle 3.5 Liquid
Apple sauce Andros 100 g pot 3.8 Soft food

Chocolate cream Danette 125 g pot 6.8 Soft food
Infant milk * Candia baby 250 mL bottle 6.8 Liquid

Mash potatoes Mousseline 130 g sachet 6.4 Soft food

* standard liquid infant milk formula based on cow’s milk, containing mineral/vitamin supplements.

Table 2. Nutrition facts of the investigated vehicles (given for 100 mL or 100 g).

Apple Apple Chocolate Infant Mash
Juice Sauce Cream Milk Potatoes
Calories (kJ) 187 296 516 261 280
Calories (kcal) 44 70 122 62 67
Fat (g) 0 0.2 3.0 32 0.8
Carbohydrates (g) 10 16.0 20.0 7.0 25
Proteins (g) 0 0.3 3.3 14 24
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2.3. Accuracy of the Delivered Dose Study (TMZ Assay)

Ninety (90) mg of TMZ powder was prepared from four Temodal® capsules of 20 mg
and two capsules of 5 mg and compared to 88 mg (2.2 mL) of Ped-TMZ.

The TMZ capsules were opened, and their contents were mixed with either a soft or
liquid vehicle: 100 g apple sauce or 100 mL apple juice. The apple sauce/juice preparations
were mixed or agitated in the original container with a spoon for 30 s. Analytical processing
was then carried out according to the sample preparation adapted from the analytical
testing applied for Ped-TMZ in order to reduce the food matrix effect. The food/TMZ
mixture was transferred using the same spoon as for mixing into a 2000 mL volumetric
flask containing 500 mL of dilution solvent (DS) (0.5% v/v of aqueous solution of glacial
acetic acid, ].T. Baker, HPLC Grade) for analytical processing. Each flask was magnetically
stirred for 10 min, and the volume was increased to 2000 mL with DS. After magnetically
stirring for 10 min, the solution was centrifuged for 10 min at 10,000 rpm. The supernatant
was assayed by HPLC-UV to determine the percentage of TMZ recovered from the capsule-
derived mixture.

The Ped-TMZ suspension was sampled using the provided co-packaged device (5 mL
syringe with 0.1 mL precision) and transferred directly into a 500 mL volumetric flask
containing 250 mL of DS for analytical processing. Each flask was magnetically stirred for
10 min and completed to 500 mL with DS. After an additional 10 min of stirring, 5 mL of
the Ped-TMZ sample solution was diluted into 20 mL of DS and centrifuged for 10 min at
10,000 rpm. The supernatant was assayed using HPLC-UV. Temozolomide quantities in
the apple sauce/juice preparations (90 mg) were compared with 2.2 mL of ready-to-use
Ped-TMZ 40 mg/mL oral suspension, equivalent to 88 mg TMZ. The recovery of TMZ
was calculated as the ratio of the delivered dose/theoretical dose (where the theoretical
dose is 90 mg for Temodal and 88 mg for Ped-TMZ). Values were also assessed against the
predefined acceptance criteria for TMZ assay (95.0-105.0%).

All experiments were replicated three times. They involved six non-analyst operators,
not particularly well trained or educated in pharmaceutical practice, acting as caregivers or
parents in the current study. These non-analyst operators did the mixing step, transferred
the content into the flask for the Temodal manipulation, and did the sampling for Ped-TMZ.
For safety reasons, analytical technicians opened and emptied the Temodal capsules into
the liquid and soft food and performed the analytical sample preparation and assay.

2.4. Stability of TMZ Study

Capsule contents (90 mg of TMZ) were mixed with different children’s food vehicles: in
the original container for apple sauce (100 g) and chocolate cream (125 g), in 100 g of mashed
potatoes, and in 100 mL of infant milk. TMZ powder was left in contact with the food
vehicles for varying periods of time (0, 30, and 60 min), then transferred into a volumetric
flask containing DS and centrifuged for TMZ and amino-imidazole-carboxamide (AIC)
quantification according to the operating conditions previously described. All experiments
were replicated three times for each tested matrix. They were performed by analytical,
trained technicians.

For the Ped-TMZ, the syringes were filled with 2 mL of Ped-TMZ and stored flat for
24 h at 25 °C/60% RH and 30 °C/65% RH. The content of the syringe was then transferred
into a volumetric flask containing DS and centrifuged for TMZ and amino-imidazole-
carboxamide (AIC) quantification according to the operating conditions previously de-
scribed. This stability study was performed on two filled syringes for each time point. It
was carried out by analytical, trained technicians.

2.5. Samples Analysis

The operating conditions were similar between the TMZ assay and degradation
products. TMZ and its main degradation product, AIC, were assayed using ultraviolet
high-performance liquid chromatography (HPLC-UV) (Agilent HP1260, Agilent Tech-
nologies Inc., Santa Clara, CA, USA) equipped with a UV detector. A Luna C18 column
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(150 x 4.6 pm, 5 um) was utilized at the temperature of 30 °C. The injection volume of the
sample was 20 puL. The mobile phase A was composed of a mixture of methanol (gradient
grade) (40 mL) with a 0.5% (v/v) aqueous solution of glacial acetic acid R (HPLC grade)
(960 mL) in which 0.94 g of sodium hexane sulfonate (HPLC grade) was dissolved. The
mobile phase B was composed of methanol (gradient grade). The selected elution gradient
started with a 100% mobile phase A, then a 45%/55% phase mobile A /phase mobile B,
and again a 100% mobile phase A. TMZ and its degradation product were detected at
254 nm. The method was validated according to ICH Q2 [23]. For the TMZ assay, the
method is linear over the range of 70% to 130% of the theoretical content of TMZ in the
drug product (R? = 1.0000). The accuracy and precision were tested on the three following
series: 70%, 100%, and 130% of TMZ. The mean recovery ranged from 99.8% to 99.9%, and
all individual recoveries complied with the 98.0-102.0% acceptance criteria. For precision,
the coefficient of variation ranged from 0.2% to 0.4% for repeatability and from 0.4% to 0.5%
for intermediate precision. The specificity of the method between TMZ and its degradation
products was observed. The linearity over the range of 0.05% to 8.0% of the theoretical
content of TMZ in the drug product (R? = 1.000) was compliant with the control of TMZ
degradation products. The accuracy and precision were tested on the five following series:
0.05%, 0.2%, 2.5%, 5.0%, and 8.0% of TMZ. The mean recovery ranged from 99.6% to 100.9%,
and all individual recovery complied with the 75.0-125.0% and 90.0-110.0% acceptance
criteria for the LOQ and 2xLOQ levels and other levels, respectively. For precision, the
coefficient of variation ranged from 0.4% to 1.2% for repeatability and from 0.8% to 1.4%
for intermediate precision. The stability of the solution was demonstrated for the TMZ and
degradation product assays.

The method suitability was also verified in the presence of a food vehicle. Specificity
was verified for TMZ and AIC in the presence of a food vehicle. Recovery ranged between
98.51% and 99.70%, whatever the vehicle. The linearity was demonstrated from 20% to
120% of the theoretical content of TMZ. Acceptance criteria were predefined according to
the drug product performance of Ped-TMZ for TMZ (95.0-105.0%) and AIC (<1%) content.

2.6. Statistical Analysis

To determine the impact of the food vehicles on the amounts of TMZ and AIC in the
samples, statistical analyses (JMP software used, version 16) were performed. The effect
of the contact time with soft food was assessed in the stability study. The impact of the
operator and repetition on TMZ content was also evaluated in both studies. One-way
ANOVA or a mixed model was used to compare the dose recovery or AIC content. A
Levene test was used for the comparison of variances.

3. Results
3.1. Accuracy of the Delivered Dose

Immediately after dispensing the TMZ capsules into apple juice and apple sauce, both
drug manipulations presented a similar distribution of TMZ content (Figure 1). The
mean + SD TMZ recovery was 91.0 £ 1.5% and 91.6 £ 1.4%, using apple juice and
apple sauce, respectively, without any significant statistical differences between both
vehicles (confidence interval —1.6939/0.53059). The delivered doses consistently fell below
the predefined acceptance range (95.0-105.0%). In comparison, the recovery of TMZ in
the Ped-TMZ suspension was significantly higher than that observed after handling the
TMZ capsules (96.6 &= 1.2%; p-value anova < 0.0001), with TMZ quantities falling within
predefined specifications (Figure 1). The main degradation product (AIC) was additionally
controlled, and the results were found below the limit of quantification (LOQ = 0.1%) in all
samples of Temodal mixed into apple juice or apple sauce.
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Figure 1. Whole model actual by predicted plot for the delivered dose of TMZ in % of the theoretical
value (90 mg for Temodal and 88 mg for Ped-TMZ) after Temodal manipulation (® Temodal +
apple juice; ® Temodal + apple sauce) or using ready-to-use Ped-TMZ (® Ped-TMZ). Predicted
RMSE =1.3778 Rsq = 0.78 p-value < 0.0001. Blue horizontal line represents the average of the
delivered dose. Red diagonal line represents the line of fit for the model actual vs. predicted value.
The colors are the 3 levels of the predicted delivered doses.

The ready-to-use Ped-TMZ liquid formulation was statistically different from the TMZ
recovered after handling capsules with regard to the mean of the response. The liquid
formulation systematically increased the percentage of the delivered dose by 3.55 points
in comparison with Temodal mixed with apple sauce (estimate calculated from the linear
mixed model using REML (restricted maximum likelihood) approach).

The findings were reproducible across all six operators for the three groups, as shown
in the variance comparison in Table 3. The variability was equivalent regardless of the group
(Ped-TMZ, Temodal + apple juice, Temodal + apple juice; Levene test p-value = 0.8648).

Table 3. Statistical analysis of the variability of the three groups: Ped-TMZ, Temodal mixed with
apple juice, and Temodal mixed with apple sauce.

Group Standard Deviation Median Absolution Deviation (Robust Deviation Measure)
Ped-TMZ 1.246784 1.104444
Temodal + apple juice 1.488973 1.156667
Temodal + apple sauce 1.356263 1.155000

The analysis was completed with the determination of the source of variance using a
linear model testing the three factors: (i) the product (Ped-TMZ, TMZ capsule mixed with
apple juice, and TMZ capsule mixed with apple sauce), (ii) the operator (1 = 6) and (iii) the
repetition (n = 3). The product was the only source of variance in the accuracy experiments;
operator or repetition did not affect the TMZ recovery (Figure 2).
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Figure 2. Effect of the three variables (product (Ped-TMZ, Temodal + Apple Juice, Temodal + Apple
Sauce), operator (1 to 6), and repetition (R1, R2, R3)) on the response (TMZ delivered in % of the
theoretical value).

3.2. Chemical and Physical Stability

Although the ready-to-use Ped-TMZ product is to be stored at 2-8 °C, the stability of
the suspension stored in the oral syringe was investigated. The TMZ content was 100.8% or
100.4% when syringes were kept at 25 °C/60% RH or 30 °C/65% RH, respectively, for 24 h,
a duration far exceeding requirements as syringes are to be prepared extemporaneously
(i.e., just before administration of the drug product). This study demonstrated that the
TMZ (Figure 3a) content remained within the predefined acceptance criteria (95%-105%).
In addition, very limited degradation was noticed with a slight increase in the AIC from
0.05% to 0.14% or 0.2% (Figure 3b) after 24 h of storage at 25 °C/60% RH or 30 °C/65% RH,
respectively. These levels are well below the predefined specification (<1% for AIC).
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Figure 3. (a) TMZ and (b) AIC content of Ped-TMZ after 24 h storage at 25 °C or 30 °C.
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Thirty-six (36) samples were prepared by mixing TMZ capsule contents with four
different soft food vehicles (apple sauce, chocolate cream, infant milk, and mashed potatoes).
The mean TMZ content for the 36 preparations is reported by vehicle over time in Figure 4a.
The TMZ content from the mashed potatoes or apple sauce decreased from 94.2 £ 3.9%
and 94.1 £ 0.4% to 89.8 £ 0.3% and 91.4 = 0.1%, respectively, after 60 min of contact with
food. TMZ from the milk mixture remained stable with content between 89.5 + 0.2 (T0) and
91.5 + 0.2% (60 min). TMZ content from the chocolate cream fluctuated from 88.9 + 2.4%
to 93.5 £+ 0.5%. However, whatever the vehicle (apple sauce, chocolate cream, mashed
potatoes, or milk) or the time point (0, 30 min, 60 min), the TMZ content was systematically
below the predefined 95% lower limit except for one sample at TO. The mean AIC content
over time is shown in Figure 4b, with evidence of TMZ degradation with up to 0.5%, 1.0%,
and 1.3% of AIC quantified in the mixture of Temodal with chocolate cream, milk, and
mashed potatoes, respectively, after 60 min of contact with food. Only the apple sauce
prevented any degradation of TMZ into AIC (less than LOQ 0.1%).
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Figure 4. (a) mean TMZ and (b) mean AIC content after mixing the TMZ capsule contents with food
(n = 3). Error bars represent SD (range for TMZ: 0.09-3.88; range for AIC: 0.01-0.07).

The impact of the different studied factors (vehicle, time, and operator) was analyzed
based on a one-factor ANOVA or Kruskal-Wallis test according to normal distribution
or not (test for homogeneity of variance). The four tested food vehicles (apple sauce,
chocolate cream, infant milk, and mashed potatoes) had a significant impact on the TMZ
delivered dose (p-value snova = 0.0042; Figure 5), whilst the vehicle factor did not have any
significant effect on the degradation product AIC (p-value gyyskal-wallis = 0-1850). One-factor
analysis has been used here for illustration purposes.
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Time did not have a significant effect on the TMZ-delivered dose (p-value anova = 0.5655).
Nevertheless, one vehicle (milk) had a significant time effect on the TMZ dose, and two vehicles
(milk and chocolate cream) evidenced homogeneity and physical stability issues with initial
TMZ dosing below 90% and fluctuating over time (Figure 4a). The quantities of AIC, the main
degradation product of TMZ, significantly increased over time when the TMZ capsules were
mixed with vehicles (p-value gyyskan-watis < 0.0001) (Figure 6). In the one-way analysis, the food
vehicle factor did not impact the AIC content (p-value gryskan-waliis = 0-1850). Nevertheless, the
analysis of the individual food effect over time showed that AIC content increased significantly
(p-value < 0.0001) when TMZ capsules were mixed with chocolate cream, milk, and mashed
potatoes, the three vehicles for which pH is between 6 and 7. The AIC quantity was highest
when the capsules were mixed with mashed potatoes, exceeding the predefined AIC content
acceptance criteria (<1%) 60 min after mixing.
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Figure 6. One-way analysis of AIC (%) by time. Box plot (median, 25th and 75th percentiles, min and
max corresponding to 1.5 X IQR (Inter Quartile Range) in red, means with 95% confidence interval in
green, and lines that are at one standard deviation of the means in blue.

The effect of repetition was analyzed on both the TMZ delivered and AIC results. The
one-way analysis is presented in Figure 7, demonstrating the homogeneity of the variance
(p=0.8519 and p = 0.7537 for TMZ and AIC, respectively).

Combining all the assays performed, 72 samples were prepared from capsule contents
mixed with 5 liquid or soft food vehicles, among which only 1 sample (1.4%) (1 out of 3
replicates using mashed potatoes at T0) delivered the right dose of TMZ (95.0%-105.0%).
This means that 98.6% of samples prepared from the mixture of capsules with food would
have led to underdosing of the patient.
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Figure 7. One-way analysis of TMZ delivered in % of the theoretical value (90 mg for Temodal)
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green, and lines that are at one standard deviation of the means in blue.

4. Discussion

TMZ plays a crucial role in the chemotherapy treatment of pediatric oncology condi-
tions, including recurrent or refractory gliomas [1,2], neuroblastoma [3-5], medulloblas-
toma [6], and rhabdomyosarcoma [7]. Despite its importance in the treatment of cancers
affecting very young patients, there is currently no suitable formulation adapted for them.

When lacking appropriate pediatric forms, drug manipulations are common practices
in both outpatient and inpatient settings [16]. Parents and caregivers use drug manipulation
to achieve a better taste or to easily adjust the dose, whereas nurses perform it to reduce
the size of the dosage forms or to facilitate administration through a feeding tube. In any
case, the lack of information in SmPC or patient information leaflets or incomplete advice
from their pharmacy often leads the parents, caregivers, or nurses to improvise, possibly
using incompatible vehicles [24]. The impact of mixing capsules, crushed tablets, and other
oral compounded formulations with foods and beverages has been evaluated in some
studies [25-28]. It was highlighted that the physicochemical properties of food vehicles are
an important consideration for drug exposure [29].

For TMZ administration, caregivers open capsules and mix their contents with any
kind of beverage or soft foods. This practice poses multiple risks, including exposure of the
caregiver to a cytotoxic drug, imprecise delivery and dosing, partial drug intake if the food
or beverage is not totally ingested or consumed, and uncontrolled stability of the active
compound [8,15,20]. Here, we investigated the dosing accuracy and drug stability of TMZ
in various food vehicles commonly used to aid administration to pediatric patients [18,29]
and whether an investigational oral suspension of TMZ could offer improved dosage
accuracy and stability.

When TMZ capsules were mixed with apple sauce and apple juice, the delivered
dose of TMZ consistently fell short of predefined specifications, suggesting the loss of
TMZ during the preparation process, whatever the texture of the vehicle (liquid or soft
food). Since the pH was acid for both vehicles (3.5-3.8), the experimental conditions were
chemically favorable for TMZ stability (confirmed in the stability part of the study with
apple sauce), suggesting that the loss of TMZ content may occur during the preparation.
The process of twisting apart and separating the two parts of the capsule requires care and
dexterity, and loss of powder onto gloves, surfaces, or utensils may occur. Some powder
may also remain lodged inside the capsule, meaning that the full required dose is not
dispensed into the food. This decrease in the delivered dose is likely to be underestimated
in our study as the capsules were opened and emptied by skilled laboratory technicians
for safety reasons. Loss may also occur after mixing the TMZ powder with the vehicle
during the transfer with the spoon or syringe, mimicking administration to the child since
the container was not totally emptied and/or rinsed. Interestingly, our study showed a
good intra and inter-operator reproducibility. For non-analyst operators, who were not
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specifically well trained or educated, this minimal variability in their practice contrasts
with the significant difference between nurses and hospital pharmacists in the comparative
assessment highlighted by Nguyen et al. [30].

Mixing TMZ capsules with food also significantly affected the chemical stability of
TMZ in a time-dependent manner. The food or drink vehicles had a significant impact
on TMZ quantity, and the amount of degradation product AIC significantly increased in
three out of the four food vehicles over the 60 min testing period. Mashed potato showed
the most apparent degradation, while apple sauce exhibited minimal degradation. These
findings are supported by a previous study involving 15 fluids, soft foods, and suspension
vehicles, which indicated that drug bioavailability can be significantly influenced by various
physicochemical properties of the vehicle, including pH, surface tension, and viscosity [31].
In the current study, differences in the AIC content over time may be essentially attributed
to the pH of the food vehicles. Unlike apple sauce, which has an acidic pH (typically
between 3.3 and 4.6) [32], the other three food vehicles had pH values ranging from 6.4
to 6.8. Since TMZ starts degrading at pH 7 and above, the increase in AIC quantity over
time can be attributed to the neutral pH of the food. The fast degradation of TMZ in
food presents practical challenges for parents and caregivers, as each dose needs to be
freshly prepared and consumed promptly and fully to ensure proper dosage. This can
be particularly challenging for children with reduced appetite or those who find the taste
unpalatable, as is the case for TMZ, which exhibits a bitter taste.

Altogether, an important teaching of our study is that, despite the sample preparation
being partially above the real-life standards (i.e., by skilled technicians) and assuming the
complete consumption of the preparation by the child, 99% of the capsule-food/drink
mixes would not have delivered the proper dose of TMZ (i.e., <95% of the targeted dose)
including one sample with TMZ content as low as 86.9%, which is not acceptable for an
anticancer medicine. Considering the cumulative risks associated with medicine manipula-
tion, i.e., capsule opening and mixing by the parents, the difficulties in having a complete
intake of the mixture by the child, and the time needed for this preparation that could also
increase the risk of errors, the delivered dose may be dramatically reduced.

Another factor that may further contribute to TMZ underexposure is the impact of
food co-administration on drug absorption. In a phase I dose-escalation and pharmacoki-
netic (PK) study of TMZ where 15 adult patients suffering from refractory or relapsing
malignancies were enrolled, there was a 9% reduction in the AUCy_»4 and a 33% reduction
in Cpayx in fed patients compared with the fasted group [1]. In the pediatric population,
due to differences in physiology, anatomy, and the composition of food consumed, the
food-drug interaction cannot be predicted based on adult studies [33]. That raises addi-
tional uncertainty on drug exposure when medicines are co-administered with food to
children. The impact on TMZ bioavailability of co-administering 100-125 g of food, as per
clinical practice or these experiments, is not known but may not be null.

Liquid formulations for oral administration are particularly crucial in pediatric patient
treatment since they allow dose adjustment to weight or BSA, flexibility in administration
by swallowing or feeding tube, and ease of use, and they significantly reduce the risk of
manipulation [11]. Nevertheless, in the course of their development, these formulations
need to address the palatability that may be an issue [11] and the patient acceptability in
general [14], for which the dose volume is a major consideration [9]. The formulation of oral
liquid products may also be challenging, as they generally require the use of excipients that
are potentially harmful, e.g., antimicrobial preservatives for multidose containers, sweeten-
ers, or flavoring agents [34,35]. They may also represent larger storage/transport volumes
than solid dosage forms [36]. A proof-of-concept study demonstrated that preparation
of a liquid formulation of TMZ from the intravenous infusion powder was feasible but it
exhibited modest stability (13 weeks at 5 °C) and very low concentration (1.25 mg/mL),
thereby requiring large administration volumes (e.g., 72 mL for 90 mg as in our study),
not suitable for a pediatric oral formulation [8] in comparison to the recommended dose
volumes for pediatric liquid products (less than 5 mL for children under 5 years and less
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than 10 mL for children of 5 years and older) [9]. Subsequently, the Gustave Roussy Cancer
Campus developed a hospital-compounded oral suspension prepared from TMZ capsules
and selected excipients, which exhibited satisfactory chemical and physical stability as well
as lower distribution volumes [15]. This prototype was further developed at an industrial
scale and led to the development of Ped-TMZ, with further improved long-term stability
and higher TMZ concentration, allowing the administration of small volumes in line with
EMA recommendations [9].

The efficacy, safety, and stability of Ped-TMZ are being tested across a range of studies.
An open-label, randomized, multicenter study in patients with primary central nervous sys-
tem (NCT04467346) showed the bioequivalence between Ped-TMZ and TMZ capsules [37].
An international, open-label, non-randomized, prospective, single-arm phase I study is
underway to determine the PK, acceptability, and safety of Ped-TMZ in the pediatric
population (NCT04610736).

5. Conclusions

TMZ dispensed with food using a spoon is systematically underdosed, as evidenced by
poor recovery and instability. Our experiments suggest that mixing TMZ capsule contents
with food may result in significant underexposure in pediatric patients. The ready-to-use
and taste-masked oral suspension Ped-TMZ offers superior dosing accuracy and better
stability than TMZ vehicle mixtures. Ped-TMZ addresses the critical and long-standing
unmet medical need for young cancer patients with an age-appropriate formulation of
TMZ, which was underlined by the EMA as early as 2014 [19].
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Abstract: Background: Temozolomide (TMZ) oral suspension (Ped-TMZ, KIZFIZO®) is being de-
veloped for the treatment of relapsed or refractory neuroblastoma, a rare cancer affecting infants

and young children. The study assessed the safety and the bioequivalence of this novel pediatric

formulation with existing TMZ oral capsules. Methods: In vitro dissolution profiles and the bioequiv-

alence were evaluated following the European Medicines Agency “Guidelines on the investigation of

Bioequivalence”. The phase I, multicenter, randomized, open-label, crossover, single-dose bioequiva-

lence study enrolled 36 adult patients with glioblastoma multiforme or lower-grade glioma. Each

patient received 200 mg/m? Ped-TMZ suspension and TMZ capsules (Temodal®) on 2 consecutive

days, with the order being randomly assigned. Fourteen blood samples were collected up to 10 h

post-dosing. Bioequivalence was assessed by comparing the 90% confidence interval for the ratio of

the geometric means of maximum TMZ plasma concentration (Cmax) and the area under the curve

(AUCt). Other endpoints included further pharmacokinetic parameters and safety. Results: Both

formulations exhibited a fast in vitro dissolution profile with more than 85% of TMZ dissolved within

15 min. For the bioequivalence study, thirty patients completed the trial as per the protocol. The ratio
of Ped-TMZ/TMZ capsule geometric means (90% CI) for AUCt and Cmax were 97.18% (95.05-99.35%)
and 107.62% (98.07-118.09%), respectively, i.e., within the 80-125% bioequivalence limits. No buccal
toxicity was associated with Ped-TMZ liquid formulation. Conclusions: This study showed that

Ped-TMZ oral suspension and TMZ oral capsule treatment are immediate release and bioequivalent

medicines. There were also no unexpected safety signals or local toxicity (funded by ORPHELIA
Pharma; ClinicalTrials.gov number, NCT04467346).
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1. Introduction

Temozolomide (TMZ) is an alkylating agent belonging to the group of triazene com-
pounds commonly used as chemotherapeutic drugs in cancer therapy [1]. TMZ is a second
generation imidazotetrazine derivative, that does not require hepatic metabolism to form
the cytotoxic methylating agent, methyl triazene imidazole-4-carboxamide (MTIC), in
comparison to dimethyl triazene imidazole-4-carboxamide (DTIC) [2]. TMZ undergoes
spontaneous pH-dependent hydrolysis to MTIC at a physiological pH. MTIC is then hy-
drolyzed to the methyldiazonium cation, which is the actual methylating agent of the DNA
of tumor cells, mainly at the O° and N” positions of guanines, and the 5-aminoimidazole-4-
carboxamide (AIC), which is excreted by kidney [3]. TMZ has a half-life of 1.83 h at 37 °C
in phosphate buffer (0.1 M) at pH 7.4, whereas MTIC has a half-life of approximately 2 min
(min) at the same pH. There is a small pH window around the physiological pH at which
the propensity of TMZ to undergo ring-opening is matched by the breakdown of the MTIC
in a methylating mode [2], as shown in Figure 1. The most common techniques for the
determination and quantification of TMZ in human plasma are liquid chromatography
coupled with mass spectrometry (in vivo investigations) [4-6] and the UV spectroscopic
method for analytical samples (in vitro studies) [7].
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Figure 1. TMZ mechanism of action.

TMZ has been commercialized since 1999 under the tradename Temodal® in Europe
and Temodar® in the US, with several oral-dose presentations: hard gel capsules 5 mg,
20 mg, 100 mg, 140 mg, 180 mg and 250 mg. TMZ is indicated for the treatment of adult
patients with newly diagnosed glioblastoma multiforme and children from the age of three
years, adolescents, and adult patients with recurrent malignant glioma [8]. As recom-
mended by the International Pediatric Medical Associations, TMZ is also used off-label
as a standard backbone chemotherapy for the treatment of various pediatric malignan-
cies, notably relapsed or refractory neuroblastoma, a solid tumor affecting very young
children, [9-11] as well as relapsed medulloblastoma [12] and rhabdomyosarcoma [13].

TMZ hard-gel capsules are not adapted for use in the pediatric population [14]. Al-
though the intravenous (IV) dosage form was approved in 2009 with the same indica-
tions [8], the IV route increases toxicity (e.g., pain, irritation, pruritus, warmth, swelling and
erythema at infusion site, petechia and hematoma) [15] and patients prefer oral chemother-
apies, which are more convenient, administered at home with a good perception of effi-
cacy [16]. As highlighted in the draft inventory of peadiatric therapeutic needs [14], an
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age-adapted oral TMZ formulation is of paramount importance for children suffering from
neuroblastoma to ensure a good quality of life for these young patients treated in an outpa-
tient setting and usually attending school. Facing the lack of age-adapted formulations,
caregivers are instructed to open TMZ capsules and mix the contents with soft food to
overcome swallowing difficulties. As TMZ is a bitter, highly toxic and unstable substance,
this practice poses significant challenges to caregivers and the pediatric population. These
include dose inaccuracy and drug instability [17], poor compliance, exposure to a cytotoxic
drug, and environmental waste. To overcome this situation, the TMZ oral suspension
(Ped-TMZ; KIZFIZO®) was developed as a novel pediatric oral liquid formulation that
is taste-masked and ready to use. Ped-TMZ aims to prevent the inappropriate handling
and exposure to toxic ingredients for parents and caregivers and is being developed for
children with relapsed or refractory neuroblastoma to allow for a more precise dosage and
a better compliance with treatment.

The present study aimed to evaluate the bioequivalence between Ped-TMZ and
Temodal in order to assess if Ped-TMZ can be considered therapeutically equivalent to the
reference oral capsule formulation. According to the EMA and FDA guidelines [18,19], with
TMZ being a Biopharmaceutical Classification System (BCS) class I drug [20], a comparison
of in vitro dissolution profiles can be used as a surrogate evaluation of bioequivalence.
The in vitro dissolution method strategy comparing the two formulations was based on
the recommendation described in the Draft Guidance on Temozolomide [21] and the FDA
Guidance applied on dissolution testing [22].

As TMZ is sparingly soluble in water [23], a proportion of TMZ is already in solution
in the Ped-TMZ suspension, which could potentially impact the absorption rate of TMZ
(e.g., absorption from the buccal cavity) or exert formulation-specific local toxicity (e.g.,
mucositis). As these potential formulation-specific effects cannot be assessed in vitro, a
formal bioequivalence study between Ped-TMZ and the reference product Temodal was
conducted. First-in-human phase I or bioequivalence clinical studies are traditionally
conducted in healthy volunteers, except for oncology drugs such as TMZ that are evaluated
in cancer patients. Although the Ped-TMZ oral suspension is developed for pediatrics,
the bioequivalence study was conducted in adult patients (18 years or older) with newly
diagnosed glioblastoma multiforme or lower-grade glioma for ethical reasons, considering
the number of blood sampling required for the pharmacokinetic (PK) analysis.

Here, we report the in vitro dissolution profiles of Ped-TMZ and Temodal capsules
and the results of the formal bioequivalence study undertaken in adult patients comparing
the PK parameters of both formulations after a single-dose administration. We describe the
general and local safety of Ped-TMZ.

2. Materials and Methods
2.1. Products

The commercially available Temodal capsules, 100 mg, were purchased from Merck
Sharp & Dohme, Puteaux, France. The investigational product Ped-TMZ, TMZ oral
suspension, 40 mg/mL (brand name: KIZFIZO) was provided by ORPHELIA Pharma,
Paris, France.

2.2. Reagents and Chemicals

For dissolution testing, analytical reagents were purified water (Milli-Q Elix Essential
5, Merck Chimie SAS, Fontenay-Sous-Bois, France) and hydrochloric acid R (37%) grade
for analysis (J.T. Baker). For the bioanalytical assays, TMZ and the internal standard
temozolomide-d3 (TMZ-d3) were purchased from TRC (North York, ON, Canada). The
reagent-grade acetonitrile, isopropanol and methanol of gradient grade purity were pur-
chased from Carlo Erba, trichloroacetic acid (TCA), ammonium acetate 7.5 M solution
and formic acid were purchased from Sigma (St Louis, MO, USA), glacial acetic acid was
from Honeywell (Charlotte, NC, USA) and dimethyl sulfoxide (DMSO) was from ACROS.
Acetic acid used to prepare acetic acid 10% solution was purchased from Thermo Fisher
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Scientific (Waltham, MA, USA), and purified water (Milli-Q direct 8, Merck Chimie SAS,
Fontenay-Sous-Bois, France) was used. Human plasma from healthy donors was provided
by BioIVT (UK). Microtubes in polypropylene were purchased from Sarstedt (Niimbrecht,
Germany) and Nunc™ 96 DeepWell™ Polystyrene Plates (DWP) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).

2.3. In Vitro Dissolution Testing

The in vitro dissolution testing was performed using the basket (USP 1) apparatus (Dis-
solutest apparatus, Sotax, Aesch, Switzerland) described in the 10th Edition of European
Pharmacopoeia 2.9.3 monograph [24] or US Pharmacopeia <711> [25] at 37 °C + 0.5 °C
and setting the agitation speed at 100 rpm. One hundred milligrams was used for the
dissolution test by introducing one 100 mg TMZ capsule or 2.5 mL of Ped-TMZ (40 mg/mL)
into 500 mL of dissolution medium (0.1 N HCI prepared via dilution of 8.5 mL of hy-
drochloric acid R (37%) to 1000.0 mL with purified water). Samples were collected using
peristaltic pump (Sotax, Aesch, Swizerland) at 5, 10, 15, 20, 30 and 45 min and analyzed
online by direct UV-reading after filtration on 1 um glass filter (Macherey-Nagel, Diiren,
Germany). Dissolved TMZ is quantified by UV spectrophotometry (Lambda 75 UV /visible
spectrophotometer Perkin Elmer, Shelton, CT, USA) at 328 nm. The evaluation is based
on absorbance measurement and external standardization with relative response. The
dissolution medium was used as blank solution. The assay of TMZ was validated for
linearity, accuracy and precision according to the guideline ICH Q2 (R1) [26]. The method
is linear over the range 20% to 100% (R = 1.0000). The accuracy and precision were tested on
the three following series: 20%, 100% and 120% of TMZ. The mean recovery ranged from
99.78% to 101.4%, and all individual recovery complied with the 95.0-105.0% acceptance
criteria. Regarding the precision, the coefficient of variation ranged from 0.4% to 0.7% for
repeatability and from 0.7% to 1.8% for intermediate precision. The dissolution profile of
TMZ was determined for both pharmaceutical forms (n = 12).

2.4. Bioequivalence Study Design and Oversight

We conducted a phase I, multicenter, randomized, open-label, crossover, single-
dose bioequivalence study in seven centers in France (Hopital Neurologique and Neuro-
biotec, Hospices Civils de Lyon, Lyon, France; Centre Hospitalier Universitaire de Saint-
Etienne, Saint-Etienne, France; Institut de Cancérologie de 1'Ouest, Medical Oncology,
Saint Herblain, France; Cancer Centre Henri Becquerel, Rouen, France; Hopital St André,
Bordeaux, France; CHU Hoépital de La Timone, Marseille, France; Centre Eugene Marquis,
Rennes, France; and Oncology Department, Centre Jean Perrin, Clermont-Ferrand, France).

Patient medical history was assessed and a physical examination, including buccal
examination, was conducted, as detailed in the clinical study protocol (CSP). The CSP
was approved by an independent ethics committee in France. The sponsor (ORPHELIA
Pharma) designed the study and oversaw its conduct in collaboration with the contracted
research organization, Eurofins Optimed. The study was conducted in accordance with
the principles of the Declaration of Helsinki, Good Clinical Practice guidelines (ICHE®6)
and any relevant local regulatory requirements. Investigators were responsible for data
collection and analysis.

2.5. Participants

Adult patients (18 years or older) with newly diagnosed glioblastoma multiforme
or lower-grade glioma (grade 2 or grade 3) treated with exactly 200 mg/m? TMZ as
monotherapy participated in the bioequivalence study. Eligible patients had a body mass
index (BMI) in the range of 18.5 to 30 kg/m? and were non-pregnant and non-breast
feeding. All participants provided written informed consent prior to the screening visit.
Key exclusion criteria were the co-administration of sodium valproate or valproic acid
(which may reduce TMZ clearance [8]) and the use of nasogastric tubes. A full list of the
eligibility criteria is provided in Supplementary S1.
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Patients were able to withdraw or discontinue the study if they decided to do so at
any time, irrespective of the reason. A follow-up visit was planned by the investigator
to conduct end-of-study visit examinations. Further criteria for withdrawal or premature
discontinuation were adverse events (AEs). According to the investigator’s decision,
participants experiencing AEs were monitored until conditions were resolved, or the
patient was lost to follow-up.

2.6. Interventions

Participants were randomly assigned in a 1:1 ratio, using an interactive web-based
response system, to receive a single oral administration of 200 mg/m? of each formulation
(Ped-TMZ suspension [test product] or TMZ capsule, Temodal [reference product]) on D1
or D2 of a five-day cycle (Figure 2). No wash-out period was required between administra-
tions, owing to the short half-life of TMZ (approximately 1.8 h [8]). Hospitalization was
planned for 10 h (from 8:00 a.m. to 6:00 p.m.) for D1 and D2 or for the 48 h (h). During this
period, TMZ was administered as a daily dose rounded to 300 mg or 400 mg. Prior to TMZ
administration, participants were asked to maintain fasting conditions for 8 h. All patients
were pre-medicated with 8 mg ondansetron (orodispersible tablet or tablet) 30 min prior to
TMZ administration to prevent the nausea and vomiting associated with chemotherapy.
TMZ administration took place around 8:00 a.m., after which 240 mL of tap water was
used for study standardization and mouth rinsing, in a sitting position. Fasting conditions
continued for 4 h post-dose, after which a standardized lunch was served. Additionally, any
concomitant medications, except corticosteroid and anti-epileptic treatment, were delayed
for 4 h post-dose. Concomitant treatments with valproate or valproic acid were excluded;
other antiepileptic drugs were permitted.

TMZ capsule }—>| Ped-TMZ

oo
-% Randomization TMZ as standard of care. Daily dose adujsted
o 11 to reach 1000mg/m2 for the 5-day cycle.
(%3
2 Ped-TMZ H TMZ capsule
Day -28 to Day-2 Day 1 Day 2 Days 3-5

Figure 2. Bioequivalence study design. Screening procedures were conducted from Day 28 to Day
2 before starting study medication. Patients were treated on Day 1 and Day 2 of a treatment cycle.
Patients received, under fasting conditions, 200 mg/m? Ped-TMZ oral suspension on one day and
200 mg/m? TMZ capsule treatment on the other day, with the order being randomly assigned in a 1:1
ratio. From D3 to D5 (outside the scope of the trial), patients received TMZ as standard of care.

From D3 to D5 of the treatment cycle, TMZ was administered outside of the scope of
the trial as the standard of care, with the daily dose adjusted to reach a total of 1000 mg/m?
for the five-day treatment cycle.

2.7. Blood Sample Collection

Visit-specific blood handling procedures, along with clinical and biological exami-
nations at baseline, D1, D2 and end-of study visit are detailed in the Supplementary S2.
In brief, for TMZ concentration measurements, a total of 28 x 6 mL blood samples were
drawn per patient (14 blood samples of 6 mL per study day). Blood samples were collected
pre-dose (T0), at 10 min, 20 min, 30 min, 45 min, 1 h (h),1.5h,2h,25h,3h,4h,6h,8h
and 10 h post-dose in each period (Supplementary S3). The 6 mL of venous blood was
collected using a pre-chilled vacuum tube with K;EDTA. The blood samples were cooled
in an ice-water bath immediately after sampling and centrifuged (4 °C, 2500 g, 5 min) to
separate plasma within 30 min of blood collection.

For the determination of TMZ plasma concentrations, plasma samples were prepared
in duplicate. Two aliquots of 1.0 mL of plasma sample were placed in a polypropylene tube
containing 50 puL of 10% acetic acid solution (stabilizer) within 5 min after centrifugation.
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The acidified plasma was vortexed, and the tube was then sealed and stored frozen at
—80 £ 10 °C until bioanalysis.

2.8. TMZ Bioanalysis

All plasma samples were prepared by protein precipitation and TMZ in human plasma
extracts was assayed according to a liquid chromatography-tandem mass spectrometry
(LC-MS/MS) validated analytical method.

2.8.1. Sample Preparation

Plasma samples were thawed at room temperature in water batch and vortexed.
Twenty (20) pL of the samples were spiked with 20 pL of Internal Standard (IS) (TMZ-
d3) solution prepared in DMSO, and then, 70 pL of TCA 10% were added. The samples
were vortexed for approximately 30 s and centrifuged at 20,000x g and 4 °C for 5 min.
Twenty-five pL of supernatant were transferred into 96 DWP plates. Following addition
of 400 uL of solvent A (see below the composition), plates were mixed and centrifuged at
2500 g and 4 °C for 5 min. The rinsing solvent consisted of a mix of acetonitrile, methanol,
isopropanol and water (1/1/1/1; v/v/v/v) with 0.1% of formic acid. Then, injection of
samples in LC-MS/MS was performed.

The solution of TMZ and IS (TMZ-d3) used for calibration standard and quality
control (QC) are prepared in DMSO. As TMZ is unstable at physiological pH, blank matrix
is prepared by acidification of plasma with acetic acid 10%. The calibration standard
and QC are prepared by addition of solution of TMZ and IS to blank matrix previously
centrifugated at 2500x g and 4 °C for 5 min.

2.8.2. Chromatographic Conditions

A LC-MS API4000 (Applied Biosystems/Sciex LLC, Framingham, MA, USA) equipped
with HPLC pumps LC-20AD or LC-20-ADXR (Shimadzu Corp, Japan) and an automatic
temperature-controlled sampler SIL-10AC or SIL-20ACXR (Shimadzu Corp., Kyoto, Japan)
was used to chromatographically separate TMZ and its Internal Standard (IS) from the
plasma matrix obtained after protein precipitation. Chromatographic analysis was achieved
using a Synergi Hydro-RP 2 x 100 mm, 2.5 pm column (Phenomenex, Torrance, CA, USA).
The mobile phases consisted of ammonium acetate 10 mM solution containing 0.20% of
formic acid (solvent A) and methanol containing 0.10% of formic acid (solvent B). The
gradient elution was started with 30% of solvent B, then increased up to 95% for 0.5 min,
maintained for 1.0 min, and then decreased to 30% of phase B for 0.01 min. The final
composition was maintained until the end of the run (4 min). The column temperature was
maintained at 40 °C throughout all measurements, whereas the sample temperature was
kept at 4 °C. A volume of 5 pL sample was injected at the flow rate of 0.3 mL-min~!. The
column eluent was directed into a triple quadrupole mass spectrometer API14000 (Applied
Biosystems/Sciex LLC, Framingham, MA, USA) with an electrospray ionization source
(ESI). The TMZ and TMZ-d3 were detected by monitoring mass transition using Multiple
Reaction Monitoring (MRM) scan mode. The mass transitions were 198.2 > 138.3 for TMZ
and 195.1 > 138.0 for TMZ-d3 with Dwell of 200 ms, the declustering potential of 60 v, the
collision energy of 14 eV and a collision cell exit potential of 15 v for each transition. The
data were acquired using the Analyst® software (version 1.6.3, Applied Biosystems/Sciex
LLC, Framingham, MA, USA).

The method was validated according to the bioanalytical method validation guidelines
of the US FDA [27] and EMA [28]. The specificity of the method was demonstrated towards
TMZ in presence of AIC and MTIC. The TMZ plasma assay was linear over the range of
0.1 to 25 pg/mL weighting with quadratic regression (1/x?). The deviation ranged from
—5.88 to 10.17%. Intra-run and inter-run precision ranged from 1.01 to 9.76% and from 1.10
to 6.82%, respectively, for the 4 tested concentrations (0.1, 0.3, 12.5 and 20 ug/mL). No carry
over was observed. The absence of TMZ contribution on IS and vice versa was verified. A
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10-fold dilution process was validated. Bench-top and long-term stabilities at —80 4= 10 °C
were validated to cover the handling and the storage of plasma samples before bioanalysis.

Finally, the robustness of the analytical method was demonstrated by sample reanaly-
sis, with 90.15% of incurred sample reanalysis results meeting the acceptance criteria.

2.9. Calculation of Pharmacokinetic Parameters

The co-primary endpoints were two pharmacokinetic parameters determined from
TMZ plasma concentrations obtained on D1 and D2: the observed maximum plasma con-
centration (Cpax) and the area under the plasma concentration curve from administration
to the last quantifiable concentration at time t (AUC}). Secondary endpoints were the area
under the plasma concentration curve extrapolated to infinity (AUCjy¢), the first time to
reach Cmax (Tmax), elimination rate constant (A) and the plasma elimination half-life (t; /).
Additionally, the residual area of TMZ (%AUCexira) was determined from TMZ plasma
concentrations obtained on D1 and D2. Safety was assessed throughout the study, includ-
ing physical and buccal examination, vital signs, adverse events, concomitant treatments,
electrocardiogram and laboratory examinations.

2.10. Statistical Analyses

Sample size calculations were based on previous TMZ bioequivalence studies [29-31].
It was estimated that 30 patients were required to achieve the lower limit of the 90%
confidence interval (CI) and the upper limit of the 90% CI for the primary endpoints.

All randomized patients were included in the intention-to-treat set (ITTS), which pro-
vided the basis for descriptive statistics regarding quantitative and qualitative parameters.
Quantitative parameters were provided using mean, standard deviation (SD), standard
error of the mean (SEM), minimum, median, maximum, and number of observations,
whereas qualitative parameters were provided using frequencies (n) and percent frequen-
cies (%). Patient medical history was listed and summarized by system organ class and
preferred term (Medical Dictionary for Regulatory Activity; MedDRA), if relevant. Abnor-
mal physical findings at baseline were listed. Concomitant treatments were listed (coding
performed according to the World Health Organization drug dictionary) by treatment
group and patient.

Patients from the ITTS that completed the study without protocol deviations or vi-
olations thought to significantly affect the pharmacokinetic analysis (e.g., observed AEs
such as vomiting and diarrhea) were included in the PK set. The pharmacokinetic and
statistical analyses were carried out using Phoenix WinNonlin™ software (Version 8.1;
Certara, Princeton, NJ, USA) based on an independent model method (non-compartmental
analysis). The primary endpoints Cpax and AUC; were analyzed using an analysis of
variance (ANOVA) of two treatments, two periods and two-way crossover general linear
model with the fixed effects of sequence, subject tested within sequence, period and treat-
ment to determine error variance of ANOVA. Each ANOVA included the calculation of
least-square means, adjusted differences between treatment means and the standard error
associated with these differences. The level of significance for period and sequence was
0.05. However, since the difference between treatments is being tested with 90% CI, the
treatment effect from ANOVA for any pharmacokinetic parameter was not considered.
For the pharmacokinetic parameters Cpmax and AUC;, the CI for test and reference product
averages were calculated using the ANOVA output from the analysis of the In-transformed
data. Inter-patient variability (%CV) was calculated for plasma concentration vs. time
data and all pharmacokinetic parameters (Tmax, Cmax, AUC, AUCjy, elimination rate
constant [K], ti, and %AUCextra). Intra-patient variability (%CV) was calculated for
pharmacokinetic parameters Cpax and AUC; based on In-transformed data. The ratio of
geometric mean for Cpax and AUC; are reported as point estimates. The bioequivalence
between the test and reference products was assessed if the 90% CI fell within the [80-125%]
bioequivalence limits for Cpax and AUC; [18,32]. The assessment of bioequivalence was
based on 90% ClIs for the ratio of the population geometric means (test/reference) for the
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parameters under consideration. This method is equivalent to two one-sided tests with the
null hypothesis of bio-inequivalence at the 5% significance level.

Patients from the ITTS who received at least one study treatment dose were included
in the safety set for reporting safety parameters. AEs were coded according to the Med-
DRA. They were classified into pre-defined standard categories according to chronological
criteria. Treatment-emergent AEs (TEAEs) were defined as AEs that occurred for the first
time or, if present before, worsened during exposure to the drug(s). TEAEs were summa-
rized by primary System Organ Class (SOC), Preferred Term (PT) and treatment group,
with evaluations of the number of AEs and the number of patients reporting these AEs.
Non-TEAEs were defined as AEs that occurred prior to study drug administration (also
called “pre-dose event”) and summarized by SOC, PT, and sequence. Any potential local
toxicity reaction in the mouth relating to Ped-TMZ oral suspension intake, such as but
not limited to intensive local pain or ulcerative lesion of the mucosa, were categorized
as AEs of special interest (AESI). The statistical analysis for safety parameters consisted
of individual data listings and descriptive/inferential statistics using the SAS® computer
program (release 9.4, SAS Institute, Cary, NC, USA).

3. Results
3.1. In Vitro Dissolution Testing

Prior to the initiation of the bioequivalence study, an in vitro dissolution study was
conducted on Ped-TMZ 40 mg/mL oral suspension compared to TMZ 100 mg capsules
following the EMA and FDA Guidelines [18,19]. The in vitro dissolution testing was carried
out using the basket method according to a strategy based on the recommendation for
the TMZ capsule described in the Draft Guidance on Temozolomide [21] and the FDA
Guidance on Dissolution Testing [22]. As shown in Figure 3, 94.5% and 88.9% of TMZ
is released at 15 min for Ped-TMZ and TMZ 100 mg capsules, respectively. According
to the guideline, as more than 85% of TMZ is dissolved within 15 min for both products,
they can be considered as immediate-release medicines and no statistical calculation is
required for the demonstration of similarity according to the EMA guideline [18]. Of note,
the difference between the dissolution profiles at 5 min (33.9% for Temodal compared to
98.1% for Ped-TMZ) is expected and reflects the progressive solubilization of the hard gel
capsule (gelatin) of Temodal. From the 10 min dissolution timepoint, both profiles have a
similar shape.
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Figure 3. In vitro dissolution rates of Ped-TMZ oral suspension and TMZ capsules in HCI 0.1 N
(n =12). Error bars represent SD.
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3.2. Pharmacokinetic Bioequivalence Study
3.2.1. Baseline Demographics

From September 2020 through to December 2021, 36 patients were enrolled in the
study and comprised the ITTS. Three patients were withdrawn, two upon the investigator’s
decision and one due to a treatment administration error (for TMZ capsule treatment, a
dose of 500 mg was administered instead of 300 mg). Four major deviations involving
three additional patients were detected during the study and led to the exclusion and
replacement of these patients (two missing pharmacokinetic samplings in one patient and
two patients did not follow the fasting protocol). Thirty (30) patients completed the study
without protocol deviations or violations (PK set). Patient disposition and details regarding
the different population sets are presented in Figure 4.

36 screened patients

0 screen failure

36 randomized patients Intention to treat set (ITTS)
3 premature withdrawals Safety set (Patients from the ITTS who
(Physician decision: 2 received at least one study treatment
treatment administration error :1) dose; n=35)

33 patients completed the
study

Major protocol deviations: 3 patients

30 patients completed the

study as per protocol Pharmacokinetic (PK) set

Figure 4. Patient disposition according to CONSORT and details of the different population sets.

Patient demographics and baseline characteristics are summarized in Table 1 and further
described in Supplementary Table S1. Most participants were male (27/36, 75%), with a
mean age of 52 years. Their BMIs ranged from 19.8 to 30.6 kg/m?. Most patients (30/36)
had a Karnofsky index equal to or higher than 80. In the ITTS, the Karnofsky performance
score ranged from 60 to 100%, with a mean of 85.3 = 11.3%. Most patients (30/36, 83.3%)
had at least a medical or surgical history, but this was not considered to have an impact
on safety and pharmacokinetic assessment criteria. Concomitant treatments, including
anti-epileptics and steroids, are described in Supplementary Table S2.

Table 1. Baseline demographics from the ITT (1 = 36), Safety (1 = 35) and PK (1 = 30) sets. BMI, body
mass index; BSA, body surface area; ITT, intention-to-treat set; Max, maximum; Min, minimum; PK,
pharmacokinetic set; SD, standard derivation.

ITTS Safety Set PK Set
(n = 36) (n = 35) (n = 30)
Age (years)
Mean + SD 523 +£14.8 52.0 £14.9 52.8 +14.6
Min/Max 20/79 20/79 20/79
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Table 1. Cont.

ITTS Safety Set PK Set
(n =36) (n = 35) (n = 30)
Sex, n (%)
Female 9 (25.0) 9 (25.7) 8 (26.7)
Male 27 (75.0) 26 (74.3) 22 (73.3)
Height (cm)
Mean + SD 173.22 + 8.00 173.11 + 8.09 172.93 +7.97
Min/Max 157/188 157/188 157/188
Weight (kg)
Mean + SD 74.45 + 10.96 74.38 £ 11.11 74.40 + 11.79
Min/Max 58.0/102.0 58.0/102.0 58.0/102.0
BMI (kg/m?)
Mean + SD 24.79 + 291 24.79 + 2.95 24.82 + 293
Min/Max 19.8/30.6 19.8/30.6 19.8/30.6
BSA (m?)
Mean + SD 1.89 £ 0.17 1.89 £ 0.17 1.89 £ 0.18
Min/Max 1.6/2.3 1.6/2.3 1.6/2.3

3.2.2. Pharmacokinetic Parameters and Plasma Concentrations

For the 30 patients of the pharmacokinetic (PK) set, 28 x 6 mL blood samples were
drawn per patient (14 blood samples per day) from TO (pre-dose) to 10 h post-dose. The
mean plasma concentration—time curves are shown in Figure 5.
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Figure 5. Plasma TMZ concentration after a single administration of 200 mg/m? Ped-TMZ oral
suspension (test) and TMZ capsule (Temodal, reference) (mean + SD, n = 30 patients).

The PK parameters calculated following the oral administration of the TMZ capsule
(reference) or Ped-TMZ oral suspension (test) are presented in Table 2. The co-primary
endpoints Cpax and AUC; were similar after oral administration of the two formula-
tions and even showed less variability after administration of the Ped-TMZ oral suspen-
sion (%CV =23.2% and 16.2%) than after administration of the TMZ capsule treatment
(%CV =37.1% and 18.2%). The mean Cpax (£SD) was 10.94 £ 2.54 ug/mL for Ped-TMZ
and 10.51 £ 3.89 ug/mL for TMZ capsule. The mean AUC; (£SD) was 30.47 & 4.94 h-ug/mL
for Ped-TMZ and 31.47 4= 5.73 h-ug/mL for the TMZ capsule treatment. Secondary end-
points (mean =+ SD) for Ped-TMZ vs. TMZ capsule treatment included AUC;,¢ (31.38 & 5.06
vs. 32.58 £ 5.84), Trax (0.65 = 0.30 vs. 0.91 £ 0.41 h), K¢ (0.37 £ 0.04 vs. 0.36 (0.03) 1/h)
and t, (1.91 £ 0.21 vs. 1.93 £ 0.16 h).
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Table 2. Pharmacokinetic data of the pharmacokinetic set (1 = 30 patients). Results are displayed
as arithmetic mean. %AUCxra, percentage of extrapolated AUC; AUC ¢, area under the plasma
concentration curve extrapolated to infinity; AUC, area under the plasma concentration curve from
administration to the last quantifiable concentration at time t; Cax, observed maximum plasma
concentration of TMZ; CV, subject variability; K.}, estimated by the linear regression of the logarithm
of the terminal concentration as a function of time; Max, maximum; Min, minimum; n, number of
patients; SD, standard derivation; t; /5, plasma elimination half-life, calculated as t; /, = Iny /K¢p; Tmax,
first time to reach Cpax.

TMZ Capsule Ped-TMZ Oral Suspension
Parameter (Unit) Statistic (Reference) (Test)
(n =30) (n =30)
Mean 0.909 0.649
SD 0.405 0.302
Tmax (h) Median 0.77 0.63
Min-max 0.33-2.00 0.33-1.53
Mean 10.506 10.939
Crmax (ng/mL) SD 3.894 2.540
% CV 37.1 23.2
Mean 31.471 30.467
AUC; (h-pg/mL) SD 5.727 4.939
% CV 18.2 16.2
Mean 32.584 31.376
AUC,¢ (h-pug/mL) SD 5.840 5.062
% CV 17.9 16.1
Mean 0.362 0.367
Ke (1/h) SD 0.031 0.035
% CV 9.5 9.5
Mean 1.928 1.909
t1/2 (h) SD 0.163 0.205
% CV 8.4 10.7
Mean 3.454 2.901
% AUCextra (%) SD 0.954 0.895
% CV 27.6 30.8

3.2.3. Bioequivalence of Ped-TMZ Oral Suspension vs. TMZ Capsules

Assessment of bioequivalence was based upon the 90% two-sided CI of the geometric
means ratio for the AUC; and Cpax parameters. Two products are deemed bioequivalent if
the 90% two-sided Cls are within the acceptance interval (80% to 125%). The geometric
means for Ped-TMZ vs. TMZ capsule treatment were 30.09 h-ug/mL vs. 30.96 h-pg/mL
for AUC; and 10.67 ug/mL vs. 9.92 ug/mL for Cpax, respectively (Table 3). The ratios of
geometric means (Ped-TMZ/TMZ capsule) for AUC; and Cpax were 97.18% and 107.62%,
respectively, and the 90% Cls for AUC; (95.05-99.35%) and Cmax (98.07-118.09%) were
within the 80% to 125% limits for bioequivalence. Intra-patient variability for AUC; and
Cmax were 2.53% and 4.47%, respectively. The results satisfied the bioequivalence criteria
of the Bioequivalence Guidelines (90% ClIs between 80% and 125%). The two examined
medications Ped-TMZ oral suspension and TMZ capsules are bioequivalent.
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Table 3. Summary of pharmacokinetic parameters from the PK set (1 = 30) treated with Ped-TMZ
oral suspension and TMZ oral capsule. Results are displayed as geometric mean.; AUC;, area under
the plasma concentration curve from administration to the last quantifiable concentration at time t;
CI, confidence interval; Cax, observed maximum plasma concentration of TMZ.

TMZ Oral Capsule Ped-TMZ Oral
(Reference) Suspension (Test)
(n =30) (n =30)

Crnax (ng/mL) 9.92 10.67

Cmax ratio (%) (90% CI) 107.62 (98.07;118.09)

Cmax % CV 4.47
AUC; (h-pug/mL) 30.96 30.09

AUC; ratio (%) (90% CI) 97.18 (95.05;99.35)

AUC; % CV 2.53

3.2.4. Safety Assessment

Among the 35 patients included in the safety set, 34 patients received at least one
study treatment dose, as scheduled in the protocol. No serious adverse events (SAEs)
were reported during this study. During the overall study period, five patients (14.3%)
reported the occurrence of six treatment-emergent AEs (TEAEs), i.e., AEs that occurred
after treatment initiation. Of these, four TEAEs were experienced by four patients after
Ped-TMZ oral suspension administration. These included two episodes of headache of
mild intensity, judged by the investigators to be unrelated or unlikely to be related to the
study treatment; one episode of mild nausea, judged to be related to the treatment; and
one episode of mild diarrhea, judged by the investigators to be unrelated to the treatment.
Two TEAESs (one episode of moderate lymphopenia and one episode of headache of mild
intensity) were experienced by two patients after TMZ capsule administration and were
all judged to be unrelated to the treatment. Three pre-dose events, that were not TEAEs,
were also reported. All the TEAEs were resolved before the end of the study. There was no
evidence of clinically relevant treatment-related abnormalities for laboratory parameters,
vital signs, physical findings or electrocardiogram recordings.

As Ped-TMZ is the first oral liquid dosage form of TMZ, buccal adverse events of
special interest (AESIs), defined as any potential local toxicity reaction in the mouth,
such as intensive local pain or ulcerative lesion of the mucosa, were carefully monitored.
Importantly, no such buccal toxicity associated with the use of Ped-TMZ was detected
during this study.

4. Discussion

TMZ is widely used as standard chemotherapy to treat a broad range of pediatric
malignancies, including relapsed or refractory neuroblastoma [9-11], which affects very
young children. However, the currently available oral dosing forms are not adapted to
the pediatric population, and an age-appropriate TMZ formulation is on the priority list
established by the EMA [14]. Ped-TMZ, an oral suspension of TMZ (KIZFIZO), has been
developed with the aim of providing an age-appropriate formulation to the pediatric
population, with accuracy, flexibility of dose adjustment according to the BSA, ease of use
and taste masking.

Here, we investigated the in vitro dissolution profile as well as the pharmacokinetic
properties and safety of the TMZ oral suspension (Ped-TMZ) developed to address the
needs of pediatric patients. This open-label and randomized clinical study was conducted,
in adult patients with gliomas for ethical reasons, to assess the bioequivalence of a single
dose of 200 mg/m? of TMZ administered as an oral suspension (Ped-TMZ) or capsule
(Temodal) under fasting conditions. The plasma concentration-time profile and PK param-
eters were similar for both treatments. The 90% Cls of the geometric means of the exposure

61



Pharmaceutics 2023, 15, 2664

PK parameters, Cmax and AUC;, were contained within the bioequivalence limits of 80%
to 125%, demonstrating the bioequivalence between Ped-TMZ, TMZ oral suspension and
TMZ capsules.

Our PK findings (mean PK parameters) are in-line with previous PK analyses from
359 adult patients collected in three phase I studies (patients with advanced cancer without
bone marrow involvement) and three phase II studies (patients with glioblastoma multi-
forme or anaplastic astrocytoma) as described in the Temodal European public assessment
report (EPAR) [33]. Since Temodal approval, many PK clinical investigations of TMZ have
been conducted, currently offering a bigger set of patients. Thirty-one (31) PK studies
of TMZ in adult patients [3,6,34-62] and 12 PK studies conducted in children [58,63-73],
where the AUC and Cpax mean value are reported with or without CV, were selected for
the determination of PK parameters in these two populations. Despite the limitations of
pooling the data (e.g., quality not necessarily the same across all studies), the mean value
of the AUC and Cpay calculated from the pooled data of these studies were reported in the
Figures 6 and 7, as a function of the administrated dose in mg/m?. The linear regression
was also calculated without intercept (i.e., the parameter is predicted to be 0 when the dose
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Figure 6. AUC from TMZ PK studies in adults and children.

The mean AUC value of Ped-TMZ after a dose of 200 mg/ m? (30.47 pg-hr/mL), which
is close to the one of Temodal in our study (31.47 pug-hr/mL), is very consistent with the
published data (Figure 6). For the dose of 200 mg/m?, AUC values collected from the
literature ranged from 17.00 to 41.80 pg-hr/mL [3,44], with a mean of 32.03 pg-hr/mL
from the pooled data set. Similarly, Cax determined for Ped-TMZ (10.94 pg/mL) and
Temodal (10.51 pg/mL) are consistent with the data collected from the literature (Figure 7).
Cmax ranged from 5.20 to 15.3 ng/mL [3,35], with a mean value from the pooled data of
9.98 ug/mL for the dose of 200 mg/m?.

In the perspective of pediatric use of Ped-TMZ, the PK data (AUC and Cpax) from
clinical studies conducted in adults was compared to those coming from clinical studies
conducted in the pediatric population. This descriptive analysis interestingly highlights
some differences and similarities of the main PK parameters (AUC and Cyax) when com-

62



Pharmaceutics 2023, 15, 2664

paring the data in adults and in children. The AUC values observed in children are higher
than in adults (Figure 6), which is consistent with the EPAR of Temodal [33] and the current
EMA summary of product characteristics (SmPC) [8], and which is expected when dosing
is carried out by BSA in children. There was no difference in Cax between children and
adults (Figure 7), which is not in agreement with the EPAR of Temodal reporting higher
Cmax in children [33]. The ongoing TEMOKkids pediatric PK population study will help to
better characterize the exposure of children to Ped-TMZ.
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Figure 7. Cpmayx from TMZ PK studies in adults and children.

Our investigations showed that Ped-TMZ reached Tay after 0.6 h, whereas the mean
t1/» was 1.91 h, values which are congruent with known Tmax between 0.5 and 1.5 h and
t /2 of approximately 1.8 h for TMZ capsules [2,8,15].

Despite the water-soluble and immediately bioavailable fraction of TMZ (approxi-
mately 8%, data not shown) in the Ped-TMZ suspension, the Ciax and Tmax did not differ to
the reference product Temodal. No rapid oromucosal absorption of TMZ can be suspected
from the buccal cavity: the total dose of TMZ in Ped-TMZ is swallowed and absorbed
from the gastrointestinal tract. The absorption PK profile is consistent with an in vitro,
dissolution profile, showing the fast release of TMZ (more than 85% dissolved within 15
min). The slight difference of the TMZ release observed at the very early timepoint of the
dissolution profile (close to 100% for Ped-TMZ vs. 30% for Temodal) reflects the solubi-
lization of the hard gel capsule of Temodal and is confirmed as insignificant regarding the
in vivo bioequivalence.

As a first in human trial, this study aimed to report the short-term safety profile of
the Ped-TMZ oral suspension, which is in accordance with that expected for the TMZ
capsule treatment [8,74]. No serious AEs were reported. A total of six TEAEs were reported
including gastrointestinal disorders, blood and lymphatic system disorders or nervous
system disorders. All were mild to moderate in severity and only 1/6 was considered to be
related to the study drug (Ped-TMZ) by the investigator. They were resolved before the end
of the study. One limitation of the present study is that it assessed the safety of Ped-TMZ
for a short treatment period (only 2 days). The full safety profile of Ped-TMZ, including
the evaluation of any potential oral complications following administration of Ped-TMZ
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in the longer term and in the targeted population (pediatrics), is being investigated in the
TEMOKids trial (NCT04610736).

This study aimed at collecting any potential signal of buccal toxicity specifically related
to a liquid formulation of a chemotherapeutic drug. The lack of selectivity of antineoplastic
oral chemotherapy may result in direct toxicity, upon action of the drug on the oral mucosa,
or indirect toxicity, as a consequence of chemotherapeutic drug-induced bone-marrow
suppression or myelosuppression. Local adverse events such as oropharyngeal mucositis
are not mentioned in the Temodal SmPC [8]. Areview of the literature led us to identify
one study evaluating alisertib in combination with irinotecan and oral TMZ in pediatric
and young adult neuroblastoma patients, in which mucositis was reported in 9% of the
244 courses [75], although most likely attributable to alisertib. Nevertheless, a liquid
formulation of a cytotoxic drug such as Ped-TMZ may potentially irritate the mucosa when
administered orally. Some precautions were taken with administration of 240 mL of water
immediately after the treatment with Ped-TMZ. Buccal toxicity was specifically monitored
during the study with buccal examination before and after administration of Ped-TMZ
and at the end of the study. The first signs of oral complications (inflammatory/vascular
phase) generally occur shortly after the administration of chemotherapy, with the release of
epithelial cytokines producing local tissue damage that leads to early stage of mucositis [76].
In this clinical study, no acute buccal toxicity (i.e., early stage of mucositis) occurring after
the administration of Ped-TMZ was detected, which is in line with the safety profile of
a hospital compounded liquid formulation [77]. Further potential oral complications are
being specifically monitored in the pediatric TEMOkids study, in which patients receive up
to six cycles of treatment.

5. Conclusions

Ped-TMZ oral suspension (KIZFIZO) is the first drinkable form of TMZ specifically
developed to address the needs of pediatric cancer patients or patients presenting swal-
lowing difficulties. This study demonstrated the bioequivalence of the Ped-TMZ oral
suspension vs. TMZ oral hard-gel capsules (Temodal), meaning that the two formulations
are therapeutically equivalent. The safety profile of Ped-TMZ in this first in human study
is similar to the one of the TMZ capsules, without any acute buccal complication occurring
after the administration of Ped-TMZ; although, the short treatment duration is a limitation
of the present study. The PK and safety profile of Ped-TMZ in childhood populations is
currently being further evaluated in the TEMOKkids trial (NCT04610736).
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of blood samples.
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Abstract: Most commonly diagnosed cancer pathologies in the pediatric population comprise
leukemias and cancers of the nervous system. The percentage of cancer survivors increased from
approximatively 50% to 80% thanks to improvements in medical treatments and the introduction of
new chemotherapies. However, as a consequence, heart disease has become the main cause of death
in the children due to the cardiotoxicity induced by chemotherapy treatments. The use of different
cardiovascular biomarkers, complementing data obtained from electrocardiogram, echocardiography
cardiac imaging, and evaluation of clinical symptoms, is considered a routine in clinical diagnosis,
prognosis, risk stratification, and differential diagnosis. Cardiac troponin and natriuretic peptides are
the best-validated biomarkers broadly accepted in clinical practice for the diagnosis of acute coronary
syndrome and heart failure, although many other biomarkers are used and several potential markers
are currently under study and possibly will play a more prominent role in the future. Several studies
have shown how the measurement of cardiac troponin (cITn) can be used for the early detection of
heart damage in oncological patients treated with potentially cardiotoxic chemotherapeutic drugs.
The advent of high sensitive methods (hs-cTnl or hs-cTnT) further improved the effectiveness of risk

stratification and monitoring during treatment cycles.

Keywords: pediatric cancer; children; chemotherapy; cardiotoxicity; troponin; high-sensitivity-troponin;
cardiac biomarkers; heart failure

1. Introduction

Cancer is the top disease-related cause of death for children and teens, although
most cancers (99%) develop in adults. However, increasing research aims to discover
new treatments for childhood cancers, greatly improving the overall survival rate, which
has reached more than 80% for children. In the pre-chemotherapy era, the cure rate of
childhood cancer was <25%, and most cancers were treated with surgery and radiation.
With the advent of chemotherapy in the 1960s, and the development of novel therapies,
a crescent increase in survival was observed. In the last years the development of next-
generation sequencing technologies (NGS) and the advent of -omic sciences have shed light
on molecular and genomic mechanisms underlying pediatric cancer disease, demonstrating
that the genomic landscape is very various and, frequently, the etiology and tumorigenic
mechanisms are quite different from that of common adult cancers [1-3].

Every year there are about 1400 diagnoses of cancer in pediatric population (Avail-
able online: https://apps.who.int/iris/handle/10665/347370, accessed on 29 July 2022;
Available online: https://seer.cancer.gov, accessed on 29 July 2022) (Figure 1). However,
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despite the progress in the treatment of pediatric cancers based on the use of radiotherapy
and poly-chemotherapy, several challenges remain, such as the management of severe acute
and chronic toxicities caused by chemotherapies. More effective and less toxic treatments
for pediatric cancers could be obtained by therapies that specifically target tumor cells, or
inhibit oncogenic molecular aberrations as well as personalized chemotherapies through
pharmacogenetics and precision medicin. Chemotherapy targets cells that are growing
and dividing actively through cell cycle and especially cancer cells that grow faster than
healthy cells. However, normal cells can be damaged by the chemotherapy as well, giving
rise to several side effects. Although different for each person, side effects associated with
chemotherapy administration comprise secondary malignancies, neurocognitive dysfunc-
tion, cardiopulmonary toxicity, impairment of kidney function, endocrinopathy, whose
frequency and severity depend on several variables such as sex, age at diagnosis, and
exposures to cumulative doses of specific treatment modalities [4]

Childhood Cancer Incidence

B Leukemia

= CNS tumors

= Non Hodgkin lymphoma
Kidney

® Hodgkin lymphoma

® Thyroid

® Thestis

® OTHER CANCERS

5%

Figure 1. Frequency of pediatric cancers in pediatric population (0-19 years), calculated from Global
Cancer observatory, accessed on 1 September 2023 (https:/ /gco.iarc.fr/today /home).

Exposure to alkylating agents, anthracyclines, and epipodophyllotoxins, for treating
hematologic malignancies, solid tumors and preconditioning regiments for hematopoietic
stem cell transplantation (HSCT), has been associated with increased risk of developing
secondary malignant neoplasms (SMN), histologically distinct malignancies, that may
develop after completion of therapies for the primary tumor and remain the main cause
of morbidity for pediatric patients [5]. Neurologic complications were observed in 33%
of children with non-Central Nervous System (CNS) solid tumors. In fact, side effects
of chemotherapy on central and peripheral nervous system are well-known and widely
described and represent a significant source of morbidity in the treatment of cancer patients.
CNS side effects are also found in patients subjected to new therapies, such as biologic
therapy and immunotherapy; they occur during treatments or months/years later. Several
symptoms and complications have been reported such as edema, seizures, fatigue, psy-
chiatric disorders, and venous thromboembolism, that can earnestly impact the quality
of life. Oxidative injuries from oxygen radicals generated by chemotherapy agents often
result in acute or chronic cardiovascular complications. The cardiotoxicity of anthracyclines
is widely known, but also alkylating agents (cyclophosphamide, ifosfamide, cisplatin,
busulfan, mitomycin), vinca alkaloids, fluorouracil, cytarabine, amsacrine, asparaginase
and the more recent agents as paclitaxel, trastuzumab, etoposideand teniposide, have also
been associated with cardiotoxicity. Cardiac effects may occur during or immediately after
treatment or months or years later after treatments including a wide spectrum of manifes-
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tations such as asymptomatic electrocardiographic abnormalities, blood pressure changes,
arrhythmias, myocarditis, pericarditis, cardiac tamponade, acute myocardial infarction,
cardiac failure, shock, and long-term cardiomyopathy. The assumption of anthracyclines
(Doxorubicin and Daunorubicin) at doses higher than 300 mg/m? results in symptomatic
cardiotoxicity and is associated with high morbidity and mortality in children [6,7].

Cancer-therapy-related cardiac dysfunction (CTRCD) includes a spectrum of cardiac
dysfunctions ranging from asymptomatic cardiac injury characterized only increased levels
of cardiac biomarkers to clinical signs of heart failure. CTRD is less studied than in adults,
although the toxic limited doses of chemotherapy agents are well known in children. In
fact, doses of most chemotherapy agents in pediatric (but also in adult) population are
established considering toxicity. The Children’s Oncology Group Chemotherapy Stan-
dardization Task force developed a method of dosing anticancer drugs in infants based
on body surface area (BSA) dose banding incorporated in dosing tables for infants and
children. These tables start from doses for children and infant with a BSA < 0.6 m? and
gradually switch from body weight based to BSA-based dosing [8,9]. Due to the increasing
number of surviving children, CTRCD will continue to increase in the future flanked by
the rapid evolution of the “cardio-oncology” aiming to detecting, monitoring, and treat-
ing cardiotoxic side effects of cancer therapy [10]. The National Comprehensive Cancer
Network’s “Adolescents and Young Adults with Cancer” and The Children’s Oncology
Group’s “Long-Term Follow-Up Guidelines for Survivors of Childhood, Adolescent, and
Young”, have established guidelines containing detailed informations to establish pro-
grams for childhood cancer survivors (Available online: https://cancerprogressreport.aacr.
org/wp-content/uploads/sites/2/2022/09/AACR_CPR_2022.pdf, accessed on 26 August
2023; Available online: http://survivorshipguidelines.org, accessed on 26 August 2023).
Prevention of cardiotoxicity may be achieved by screening for risk factors, monitoring for
symptoms and events during treatments, electrocardiographic and echocardiographic stud-
ies, angiography, measurements of biochemical markers of myocardial injury. A second
level of prevention aims to minimize progression of heart dysfunction by monitoring car-
diac function during and after cancer therapy, using cardioprotectants reducing oxidative
stress during chemotherapy, using analogs or formulations having milder cardiotoxicity,
altering the dose, schedule or approach to drug delivery.

In this review, we recapitulate the effects of different chemotherapy drugs on heart
function and of main biomarkers used to detect and follow cardiotoxicity underlining the
key role of the high-sensitivity troponin as a biomarker for monitoring chemotherapy-
induced cardiotoxicity in pediatric patients.

2. Chemotherapy-Induced Cardiotoxicity in Children

Knowledge of the pediatric heart, compared to the adult heart, is essential to address
the issue of chemotherapy-related cardiotoxicity. Long term cardiotoxicity is observed
especially in pediatric patients who experiences relapses and second line treatments [11].
The fetal and neonatal heart express high levels of cyclin-dependent kinases and cyclins,
positive cell cycle regulators, not expressed in the adult heart [12]. Moreover, in neonatal
cardiomyocytes, the telomerase activity promotes S-phase entry and suppresses cyclin-
dependent kinase inhibitors thus inducing cell proliferation [13].

Anthracyclines are the chemotherapy drugs mostly associated with cardiotoxicity.
However, cardiac complications could be associated also with other chemotherapy agents
under trial or commonly used for the treatment of pediatric cancers, such as paclitaxel,
tyrosine kinase inhibitors and alkylating agents [14].

2.1. Anthracyclines

Anthracyclines are chemotherapeutic drugs acting by targeting both the isoenzymes
of topoisomerase II (TOP2) (TOP2A and TOP2B) and stabilizing the TOP2 DNA com-
plex. Disruption of the TOP2B on mice and human embryonic stem cells prevents the
cardiotoxicity associated with anthracyclines demonstrating that TOP2B is responsible
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for the cardiotoxicity associated with anthracyclines [15,16]. Doxorubicin, the most com-
monly used anthracycline, act inducing lipid peroxidation at the cell and mitochondrial
membranes by forming complexes with Fe?*, thus resulting in apoptosis, mitochondrial
DNA damage producing reactive oxygen species (ROS) [17,18] whose persistence could
lead to late CTRCD. Specifically, anthracycline is a lipophilic molecule that easily diffuses
through the cell membrane, reaching the inner mitochondrial membrane. It acts by binding
cardiolipin and converting its quinone into semiquinone thus realizing free radicals. This
mechanism induces the production of ROS that contribute to lipid peroxidation, cell mem-
brane damage and the release of intracellular proteins such as lactate dehydrogenase (LDH)
and cardiac troponins [19,20]. The use of the iron chelator Dexrazoxane, in a preclinical
study in mice with upregulated mitochondrial iron exporters, reduces the generation of
ROS in mitochondria providing cardioprotection from anthracycline treatment without
reducing its anticancer efficacy, thus mitigating CTRCD [21,22]. Dexrazoxane has been
approved by FDA as a cardioprotective agent and has been employed to improve cardiac
toxicity observed in anthracycline-treated oncologic patients, such as breast cancer patients
or small-cell lung cancer and adult patients with soft tissue sarcomas [23]. This drug is
administered intravenously in combination with the anthracycline to reduce the incidence
of cardiac complications. Dexrazoxane can also be used to treat tissue damage caused by
extravasation of anthracyclines during their administration [24]. However, since Dexrazox-
ane does not wholly eliminate the risk of anthracycline- induced cardiotoxicity, it is critical
to verify cardiac function before and during therapy to monitor the left ventricular ejection
fraction (LVEF) [23].

Genetic Variants Associated with Anthracycline Sensitivity

Several studies identified genetic variants associated with Anthracycline sensitiv-
ity in pediatric oncologic patients. A number of single nucleotide polymorphism (SNP)
variations in specific genes, resulting in changes in signal transduction, cell cycle regu-
lation, mitochondrial function and cellular transport, were identified (Table 1). These
variants are responsible for the anthracycline-associated cardiotoxicity (ACT). The polymor-
phism rs1056892 in carbonyl reductase (CBR3) is related to a tripled risk of ACT [21]. The
polymorphism rs3743527 within the 3’ Untranslated Region (3’ UTR) of the ATP binding
cassette subfamily C member 1 (ABCC1) gene in children affected by Acute Lymphoblastic
Leukemia (ALL) decreased the ABCC1 expression, through a posttranscriptional mech-
anism, promoting ACT [25]. The SNP rs10426377 of sulfotransferase family cytosolic
member 2B1 (SULT2B1), which increases the solubility of drugs in water and promotes
renal excretion, is also associated with ACT in men, probably decreasing the excretion
of anthracycline through kidneys [26,27]. The SNP rs13058338 in the RAC2 subunit of
NADPH oxidase is strongly related with ACT susceptibility. Indeed, NADPH oxidase
knockout mice were protected from heart failure induced by doxorubicin; further NADPH
oxidase inhibitors showed a reduction in the damaged cardiomyocytes after anthracy-
cline exposure. Altogether, these studies confirm that the NADPH oxidase, and thus SNP
rs13058338, plays a key role in the ACT [28]. The SNP rs10836235 in catalase (CAT), that
converts hydrogen peroxide into water preventing the conversion to hydroxyl free radical,
increases expression of CAT and is associated with ACT resistance [29]. The glutathione
S transferase (GSTP1) conjugates free glutathione to free radical chemotherapeutic drug
metabolites, thus preventing damaging interactions with molecules like DNA, protein and
lipids. The SNP rs1695 of GSTP1 leads to a reduced activity of GSTP1 and, consequently,
to ACT susceptibility [30]. Increased risk and severity of ACT was also associated to
the missense mutation rs12468485 in the G protein-coupled receptor 35 (GPCR35) [31].
Hyaluronan synthase-3 (HAS3) is responsible of the synthesis of the glycosaminoglycan
Hyaluronan, that serves as scaffolds during tissue remodeling. The SNP rs2232228 in HAS3
was reported to influence the risk of ACT [32]. The SNP rs1786814 in the CUGBP Elav-
like family member 4 (CELF4) is associated to the propensity to develop cardiomyopathy
post-anthracyclines in childhood cancer survivors [33]. CELF4 is an RNA binding protein
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that regulates the alternative splicing of the transcript of the TNNT2 gene encoding for
cardiac troponin T, a component of the thin filaments of sarcomeres [33]. The embryonic
heart predominantly expresses the variants of cardiac troponin T with an alternative exon
5, which, by contrast, is strongly down-regulated in adults. The CELF4 variant shows a
lower affinity to the TNNT2 in the adult heart, impairing the contractility and in some
cases LV ejection fraction [34]. Magdy and colleagues demonstrated that primary cardiomy-
ocytes recapitulated the cardio-protective effect of the SLC28A3 locus and that SLC28A3
expression modulated the severity of anthracycline-induced cardiotoxicity [35]. A novel
cardio-protective SNP, rs11140490, identified in the SLC28A3 locus, exerted its effect mod-
ulating the expression of the antisense long noncoding RNA SLC28A3-AS1 overlapping
SLC28A3 locus, thus impairing the expression of doxorubicin-related genes like SLC28A3,
and eventually protecting patients from ACT [35]. The SNP rs2229774, identified in retinoic
acid receptor-y (RARG) that binds the TOP2B promoter, was associated with an increased
risk of anthracycline-induced cardiotoxicity. This nucleotide variation induces a decreased
repression of the TOP2B, thus resulting in increased cardiomyocyte death [17]. In fact,
human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) derived from
patients with 1s2229774 were more sensitive to doxorubicin. This variant acts through the
suppression of TOP2B expression and the activation of the cardio-protective extracellular
regulated kinase (ERK) pathway [36]. The Canadian Pharmacogenomics Network for Drug
Safety (CPNDS) identified, several genetic variants playing a significant role in the risk
of developing ACT. In particular, three variants emerged as consistently associated with
ACT, including the previously cited variant RARG (rs2229774, G>A), the variant UGT1A6
(rs17863783, G>T) and the protective variant in SLC28A3 (rs7853758, G>A). The UGT1A6
(rs17863783, G>T) variant reduces the UGT1A6 glucuronidation activity, that causes the
accumulation of cardiotoxic metabolites resulting in an increased risk of developing ACT.
The SLC28A3 (rs7853758, G>A) reduces the expression of the SLC28A3 gene encoding for a
drug transporter of anthracyclines thus impairing the influx of anthracyclines in cardiac
cells, producing a protective effect [37]. A missense variant (p.Thr253Met, ¢.758C>T variant)
of the gene GPR35, identified using exome array data, was associated with an higher risk
of chronic anthracycline-induced cardiotoxicity and more severe cardiac manifestations
at low anthracycline doses [38]. A summary of identified genetic variants associated with
Antracycline-related ACT is presented in Table 1.

Table 1. Genetic variants associated with Anthracycline sensitivity in pediatric oncologic patients.

SNP Locus Effects Reference

increased cardiomyocyte

rs2229774 RARG Aminkeng et al., 2015 [17]

death
rs1056892 CBR3 tripled risk of ACT Blanco et al., 2012 [21]
rs3743527 3’ UTR of ABCC1 ACT Semsei et al., 2012 [25]
Visscher et al., 2012 [26]
1510426377 SULT2B1 ACT Visscher et al., 2013 [27]
RAC2 subunit of I
1513058338 NADPH ACT susceptibility Zhao et al., 2010 [28]
1510836235 CAT ACT resistance Raji¢ et al., 2009 [29]
151695 GSTP1 susceptibility to ACT Windsor et al., 2012 [30]
1512468485 GPCR35 increased &ié&‘d severity Min et al., 2010 [31]
rs2232228 HAS3 manipulate the risk of ACT Wang et al., 2014 [32]
rs1786814 CELF4 increased cardiomyopathy Wang et al., 2016 [33]
rs11140490 SLC28A3 locus cardio-protective effect Magdy et al., 2022 [35]
152229774 RARG increased risk of ACT Magdy et al., 2022 [35]
rs17863783 UGT1A6 increased risk of ACT Loucks et al., 2022 [37]
rs7853758 SLC28A3 cardio-protective effect Loucks et al., 2022 [37]
p-Thr253Met, GPR35 increased risk of ACT Ruiz-Pinto et al., 2017 [38]

¢.758C>T variant
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2.2. Taxanes

Taxanes, diterpenes originally isolated from TAXUS, induce cardiotoxic events in
3-20% of patients [39]. Among taxanes, paclitaxel exacerbates anthracycline-induced toxic-
ity increasing heart failure (HF) events [40] and histo-pathological alterations of cardiac
tissue, with extensive necrosis [41]. Paclitaxel is an alkaloid extracted from vinca, acts by in-
terrupting microtubule formation. It targets tubulin and stabilizes the microtubule polymer,
protecting it from disassembly, thus impairing the metaphase spindle configuration and the
progression of mitosis. Paclitaxel is highly effective in the treatment of recurrent childhood
brain tumors and is becoming a prospective management option for pediatric tumors [42].
Another study demonstrated the effectiveness of paclitaxel treatment on children affected
by Kaposi sarcoma [43]. Perez-Somarriba and colleagues observed a strong response with
normalization of tumor markers in three patients showing relapsed intracranial NGGCT, af-
ter treatment with gemcitabine, paclitaxel, and oxaliplatin [44]. However, although taxanes
have demonstrated high efficacy in adults affected by solid tumors and in pediatric solid
tumor in vitro models, their use in children has been restricted by dose-limiting toxicity
especially due to the solvent formulation of these drugs [45,46], so these drugs are not yet
introduced in clinical practice for pediatric patients.

However, it has a cardiotoxic effect in the adult population such as bradycardia,
cardiac ischemia, atrioventricular block, ventricular arrhythmias, probably due to the
fact that the disruption of microtubular functions can definitely impact on subcellular
organelle, indirectly interfering with myocardial functioning [47]. However, the cellu-
lar and molecular mechanisms underlying taxane-induced cardiotoxicity have not been
fully elucidated.

2.3. Tyrosine Kinase Inhibitors

Tyrosine kinase inhibitors (TKIs) block the enzymes tyrosine kinases. Tyrosine kinases
mediate the activation of growth signals in cells, thus impairing cell proliferation.

In particular, TKIs act by interfering with the ATP binding site of the tyrosine kinase
or blocking the ligand-binding site impairing its function. Examples of TKIs include
axitinib, dasatinib, erlotinib, imatinib, nilotinib, pazopanib, sunitinib. Used to treat cancers
in children such as chronic myeloid leukemia (CML), acute myeloid leukemia (AML),
acute lynphoblastic leukemia (ALL), gastrointestinal stromal tumor (GIST), neuroblastoma,
renal cell carcinoma, etc. [48]. These drugs activate the endoplasmic reticulum (ER) stress
response; the prolonged activation can promote cell death pathways that finally lead to
apoptotic and necrotic death of the cardiac tissue.

2.4. Alkylating Agents

Alkylating agents, such as Cisplatin and Carboplatin, commonly used during bone
marrow transplantation in children, can induce late-onset CTRCD [49]. These drugs cause
an increased ROS production and direct injury to the endothelium causing extravasation
of blood in the myocardium, deposition of fibrin in the interstitium, and capillary mi-
crothrombi [50]. Cardiomyocyte apoptosis, inflammation, endothelial dysfunction, calcium
dysregulation, and mitochondrial damage, promoting hypertension, cardiomyopathy, my-
ocardial infarction, arrhythmias, and heart failure (HF) have been observed in patients
treated with Cyclophosphamide [51]. 5-Fluorouracil (5-FU) has been associated with the
acute coronary syndrome, probably due to a decrease in nitric oxide locally, causing coro-
nary artery spasm and vasoconstriction, microvascular thrombus, and finally myocardial
ischemia [52].

2.5. Radiation Therapy

The 10-30% of patients receiving radiation therapy (RT) develop cardiac complica-
tions [53]. The effect of radiation onto water molecules in the cell produces ROS thus
damaging mitochondria and DNA in myocytes thus promoting myocardial fibrosis. Car-
diotoxicity severity depends on the total radiation dose and the volume of the heart exposed
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and its incidence increases by 60% for every 1-Gy increase in mediastinal radiation dose [54].
Further, cardiotoxicity is more commonly observed in patients who previously received
anthracycline-based chemotherapy or showing cardiac risk factors. Radiation also causes
endothelial dysfunction, resulting in intravascular thrombosis, myocardial ischemia, and
interstitial fibrosis [55].

3. Cardiac Biomarkers

As stated by the American College of Cardiology and the European society of Cardiol-
ogy, cardiac biomarkers are central in the diagnosis of major cardiovascular diseases. A
good cardiac biomarker should be highly expressed in the cardiac tissue, show sensitiv-
ity and specificity and early detectable in the blood after the onset of clinical symptoms,
such as chest pain [56-58]. There are many cardiac biomarkers, classified into different
patho-physiologic groups, including myocardial ischemia or necrosis, inflammation, hemo-
dynamics, angiogenesis, atherosclerosis, or plaque instability [59].

Aspartate transaminase, a not cardio-specific enzyme, was the first biomarker used for
the diagnosis of Acute Myocardial Infarction (AMI) in the 1960s [60]. For this reason, later
different other enzymes with increased sensitivity and specificity, such as LDH, creatine
kinase (CK), CK isoenzyme MB (CK-MB), and myoglobin, were employed in the diagnostic
algorithm, thus improving the diagnosis accuracy [61,62]. In the 1990s, a sensitive radio-
immunoassay was developed to detect circulating troponin, for the biochemical diagnosis
of AMI, with a sensitivity near to 100% in detection of AMI at 6-12 h after the onset of chest
pain. Cardiac troponins T and I levels increase early after the onset of AMI, reaching a
peak in the serum after 12-48 h and remaining elevated for 4-10 days [63]. In 20072010, a
high-sensitivity assay (hs-cTn) became the gold standard in the diagnostic algorithm in the
last universal definition of MI. The most largely employed cardiac biomarkers are troponins
in the diagnosis of AMI and the natriuretic peptides in the diagnosis and prognosis of
heart failure. Elevated cardiac troponin is the main criterion with high sensitivity and
specificity, for the diagnosis of AMI in the presence of ischaemia signs while BNP and its
N-terminal fragment proBNP (NT-proBNP) are considered markers with high sensitivity
but low specificity for HF [64].

Cardiac troponin (cTn) is a component of the thin filament playing a key role in the
muscle contraction by mediating the interaction between actin and myosin.

Three similar isoforms have been identified: the isoform C (cTnC) binds Calcium
ions; the isoform I (cTnl) inhibits the ATPase activity of actomyosin; and isoform T (cTnT),
interacts with actomyosin. Plasmatic levels of cTn are elevated also in acute or chronic
heart failure, myocarditis, Takotsubo cardiomyopathy, atrial fibrillation, aortic dissection
and stroke. cTn is released in the blood consequently to cell turnover, myocyte apoptosis
or necrosis. It has been demonstrated that in response to ischemia without necrosis,
membranous blebs release cTn. Isoforms cTnl and cInT, expressed only in the cardiac
muscle (contrary, the isoform C is expressed also in the skeletal muscle), are the most
specific markers for acute coronary syndromes among the isoforms, and their plasmatic
increase are considered the “gold standard” in AMI diagnosis [65].

In various studies, the diagnostic value of cTn after the treatment with cardiotoxic
chemotherapy was investigated. Lipshultz and colleagues investigated cTnT blood levels
in 51 sampled patients (median = 5.7 years) subjected to surgical cardiovascular (1 = 19) or
non-cardiovascular (1 = 17) treatment or who took doxorubicin for acute lymphoblastic
leukemia (ALL) (n = 15). They demonstrated that increased levels of cTnT in the serum
of children corresponded to a more severe myocardial damage and predicted consequent
subclinical and clinical cardiac morbidity and mortality [66].

However, another study showed that measurement of cTnT within 24 h after as-
sumption of chemotherapy drug did not show high sensitivity to identify patients with
following subclinical cardiotoxicity. ¢cTnT levels were measured at three time points in
163 samples from 38 children, 24 h after chemotherapy cycles. In this study, increased levels
of cTnT (>0.010 ng/mL) was observed in 6 samples from 3 patients. Finally, at the end of
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chemotherapy cycles, 7 out of the 38 patients showed LV dysfunction and only 1 of these 7
showed increased c¢TnT levels, while 2 children with higher cTnT levels did not show LV
dysfunction up to 7 months after the cTnT measurement [67].

From the advent of high-sensitivity cardiac troponin (hs-cTn) assays, attention was
more focused on the predictive value of cTn for cardiovascular disease beside its diagnostic
use for acute coronary syndrome [68]. Actually, in most of worldwide laboratories the
hs-cTn assays have been recognized and recommended by European Society of Cardiology
Guidelines for rapid rule-in/rule-out of myocardial infarctions. These assays are used in
the early evaluation of the typical chest pain and also for prognosis, to predict the risk of
long-term events and mortality, not only in cardiovascular diseases but also in different
pathologies. Compared to classical assays, hsTn assays are able to detect troponins at a
much lower concentration, with high precision, with small coefficient of variation even at
the 99th percentile, in the reference population, thus allowing a faster recognition of AMI
(rule-in/rule-out) [69]. It is important to underline that there is a variability of troponin
levels also in healthy patients, for example men show higher levels than women, there is a
circadian variability (lightly higher in the morning). In addition, there is also a correlation
with age and a variability in patients affected by diseases such as chronic kidney disease
and diabetes [70].

The methods for the detection of hsTn are mainly immunochemical methods, such
as enzyme linked immunoassay (ELISA), immunofluorescence assay, radioimmunoassay
(RIA), and immune-chemiluminescence assay that share similar bases: an immunological
phase, in which there is a specific interaction between an anti-cTn antibody and a ¢Tn
N-terminal amino acid antigen; a second phase characterized by either an enzymatic
reaction or another antibody-antigen reaction, based on the method chosen; the final phase
varies depending on the detection method employed: a spectrophotometer measuring
color intensity for ELISA a radiometer detecting radionuclides emissions for RIA and, a
fluorometer detecting fluorophores for immunofluorescence. The intensity of the signal is
directly proportional to the amount of troponin molecules, allowing their quantification.

A comprehensive reference table of hsTn methods available either on automated
laboratory platforms or as point of care (POC) systems is regularly updated by the IFCC
Committee on Clinical Applications of Cardiac Bio Markers (C-CB) and it is publicly
accessible on the IFCC website [71]. For the purpose of this review, we focused on POC
hsTn methods, which are amenable to bedside testing and are suitable for pediatric patients
as they require small volume whole blood samples. As reported by the IFCC Committee
on Clinical Applications of Cardiac Bio-Markers (C-CB), only three analytical systems for
the measurement of cardiac troponin respond to both the definition of high sensitivity
assays [72] and the most recent definition given by IFCC of point of care devices [73]:
PATHFAST hs-cTnl (LSI Medience, Tokio, Japan), Quidel TriageTrue High Sensitivity
Troponin I Test (Quidel, CA, USA) and Siemens Atellica VTLi hs-cTnl (Siemens Healthcare
Diagnostics Inc., Erlangen, Germany). Their analytical and instrument characteristics are
summarized in the Table 2.

BNPs belongs to the group of Natriuretic peptides (NPs), composed of three peptides
with similar structures: the atrial natriuretic peptide (ANP), the B-type (or brain) natriuretic
peptide (BNP), and the C-type natriuretic peptide (CNP). BNPs play a key role in the
maintenance of the cardiovascular homeostasis, regulating volume and pressure overload.
Circulating BNP and the N-terminal pro-B-type natriuretic peptide (NT-proBNP) increase
their levels consequently to increased wall stretching due to volume or load stress in HF
caused by systolic and/or diastolic dysfunction, valvular heart disease, left ventricular
hypertrophy, ischemia, or a combination of these factors.
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Table 2. Analytical and instrument characteristics of high-sensitivity cTn assay.

Characteristic PATHFAST hs-cTnl Quidel TriageTrue hs-cTnl Siemens Atellica VTLi hs-cTnl
0.4ng/L (plasma)
LoB 1.23ng/L 0.5-08 ng,/L (whole blood) 0.5 ng/L
0.7-1.6 ng/L (plasma) 1.2ng/L (plasma)
LoD 2.33 ng/L 15-1.9 ng/L (whole blood) 1.6 ng/L (whole blood)
o . o 5.0-5.9% at 21 ng/L (plasma) 6.5% (plasma)
% CV at 99th Percentile 6.1% 5.9-6.5% at 22 ng/L (whole blood)  6.1% at 22.9 ng/L (whole blood)
. o 2.1-3.6 ng/L (plasma) 2.1 ng/L (plasma)
Concentration at 20% CV 4ng/L 2.8 ng/L (whole blood) 3.7 ng/L (whole blood)
. o 4.4-8.4ng/L (plasma) 6.7 ng/L (plasma)
Concentration at 10% CV 15ng/L 5.8-6.2 ng /L (whole blood) 8.9 ng /L (whole blood)
Overall: 279 ng/L Overall: 20.5ng/L Overall: 22.9 ng/L
99th Percentile F:20.3ng/L F:14.4ng/L F:18.5ng/L
M:29.7ng/L M:25.7ng/L M:27.1ng/L
Overall n =734 Overall n =789 Overall n = 694
Reference population F: 352 F: 391 F: 331
M: 382 M: 398 M: 363
. Heparin-Na, heparin-Li or EDTA Li Hep whole blood and plasma,
Specimen type whole blood or plasma EDTA whole blood or plasma capillary blood
POCT definition (according to Desktop Portable Portable

Collinson 2023)

Instrument size

Instrument weight

Single-test technology

Other markers available on the

same analyzer

Included in ESC 2023 guidelines

for ACS [74]

475 x 343 x 569 mm

28 kg
No
NT-proBNP, myoglobin, CK-MB,
D-dimer, presepsin, CRP, PCT

Yes

190 x 70 x 225 mm

0.7 kg

Yes
BNP, NT-proBNP, myoglobin,
CK-MB, D-dimer, drugs of abuse,
PLGF

Yes

250 x 52 x 85 mm (analyzer)
290 x 60 x 100 mm
(docking station)

780 g (analyzer)

460 g (docking station)
Yes

No

No

BNP and inactive NT-proBNP derive from the cleavage of the precursor proBNP and

are then secreted in equal concentrations in the blood, where the BNP can bind to NP
receptors (NPRs) thus activating the intracellular cGMP signaling pathways to decrease
the volume or the pressure overload. BNP is mainly eliminated by degradation mediated
by endopeptidases and in part through and renal excretion and the uptake by NPR [75].

Further, the levels of BNP or NT-proBNP are definitely helpful for risk stratification
and management of patients with suspected heart failure. In fact, their decreasing levels
indicates effective management strategies [76].

A study conducted on samples of 2525 patients three days after the onset of ischemic
symptoms showed that measurement of the BNP could provide predictive information on
the risk of new or recurrent MI episodes [77].

For an appropriate diagnosis, risk stratification, and management of patients affected
by cardiovascular diseases, other biomarkers can be evaluated in routine clinical practice.
Among these, C-Reactive Protein (CRP) and Interleukin-6 (IL-6) are both significantly up-
regulated in acute coronary syndrome [78]. CRP, most widely used as inflammatory marker
in routine clinical practice, whose levels have been observed to significantly increase in
ACS patients as compared to the patients without a story of ischemic cardiomyopathy [79].

Copeptin, is a peptide deriving from the C-terminus of the vasopressin prohormone.
It is released with arginine vasopressin (AVP) within 0—4 h after the onset of cardiac
symptoms [80] improving efficacy in combination with troponin levels measurement for
early rule-out of AMI [81-84]. However, it is as a nonspecific prognostic marker, since its
level is also influenced by other pathologic conditions also such as renal disease and lower
respiratory tract infections [85].

Among emerging biomarkers still under study there are some cytokines such as
Interleukin 6 (IL-6) and Interleukin 37 (IL-37) and a member of lectin family, Galectin-3
(Gal-3).
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IL-6, as well as CRP, is an inflammatory biomarker showing high expression levels in
MI induced by trans-coronary ablation of septal hypertrophy [86,87]. IL-6 is also related
to adverse cardiac events [88]. These observations suggest the diagnostic value and the
potential use as therapeutic target in unstable ischemic heart disease [89]

IL-37 is an anti-inflammatory cytokine belonging to the IL-1 ligand family [90] that
plays a crucial role in innate immunity and adaptive immunity. It inhibits the secretion
of cytokines IL-18, IL-6, and TNF-« in monocytes, macrophages, dendritic cells, and ep-
ithelial cells [91] a is involved in the onset and development of chronic inflammation and
autoimmune diseases such as systemic lupus erythematosus, diabetes and rheumatoid
arthritis [92,93]. As demonstrated by clinical and and pre-clinical studies in animal mod-
els, IL-37 participates in atherosclerotic disease and its levels are highly upregulated in
acute coronary syndrome in which increased IL-37 levels are correlated with poor out-
comes [94,95].

Gal-3 is involved in inflammation processes and its levels increase in cardiac injury [96].
It is a member of the lectin family; it is related to left ventricular dilation and contributes
in the prediction of the outcome and the follow up of patients with both acute or chronic
HF [97,98].

In the last decade, potential prognostic value of INnRNA and miRNA emerged as
new and sensitive biomarkers of myocardial infarction probably acting as molecular
sponge [99-105].

Adachi and colleagues demonstrated that significant increased levels of circulating
miRNA-208b and miRNA-499, specifically expressed in cardiomyocytes, have been de-
tected in AMI patients compared with the health control group [106]. Serum levels of
miRNA-1 and miRNA-133a, muscle-specific microRNAs, are involved in the regulation
of cardiac hypertrophy; their serum levels resulted increased in a group of patients with
unselected AMI. In particular, it has been shown that miRNA-133a detected in the serum
can be emplyed as a marker for cardiomyocyte death [107]. The long noncoding RNA LIP-
CAR is considered a marker in patients with ST-segment elevation MI and can contribute
to predict survival in patients with heart failure [108,109]. INRNA HOTAIR is an essential
mediator of acute myocardial infarction [110].

4. Role of hs-cTn in the Diagnosis and Monitoring of Chemotherapy-Induced
Cardiotoxicity in Pediatric Population

The European Society of Cardiology (ESC) position paper on cancer therapy and
cardiovascular toxicity (2016) recommends the use of high-sensitivity troponins to predict
left ventricular (LV) dysfunction in patients undergoing chemotherapy [111]. The 2020
European Society for Medical Oncology (ESMO) consensus cites the importance of the
measurement of hs-cTn in detecting or predicting cardiovascular toxicity, during oncologic
therapy [112]. In addition, Recent Clinical Practice Guidelines in Cardio-Oncology sug-
gested that myocardial biomarkers, are considered diagnostic indicators of CTRCD [113]. A
number of studies demonstrated that hs-cTn could be used as a marker for early monitoring
of CTRCD in chemo-radiotherapy-treated patients [114-121]. In general, an increase in Tn
concentration by 3-5 ng/L, measured by the hs-cTn corresponds to 10-20 mg of myocardial
tissue necrosis, which could not be detected by cardiac imaging techniques [122].

However, so far, reference values for pediatric population have not been established
thus limiting the use of hs-cTn dosage for the diagnosis and managements of cardiac dis-
eases in children. As demonstrated by some studies hs-cTnl and hs-cTnT values are gener-
ally more elevated in infants and children if compared to those observed in adults [123-127];
moreover, boys have usually higher values than girls confirming the trend already reported
for the conventional methods [128-130]. In particular, values of hsTn are highest in the first
month of life, then rapidly decline in the next six months and finally continue to decline
slower to reach a plateau during adolescence. Some studies demonstrated the increase of
hsTn values in healthy adolescents after athletic training, returning to baseline values in
24-48 h [131-136]. Although based on few studies, increased levels of hsTn are considered a
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marker of myocardial injury also in pediatric population [137]. The incidence of myocardial
infarction is much lower than in adults but myocardial injury can be found in neonates,
infants and children affected by bronchiolitis, sepsis, and has recently been observed in
pediatric patients with SARS-CoV-2 [138-140].

In order to shed light on the relevance in using hsTnl method to detect Tnl in children
patients, we report here some data that we obtained in our hospital, presented in the 27°
Annual Symposium ELAS-Italia, Ligand Assay (November 2022, Bologna, Italy). 46 plasma
EDTA samples coming from 15 patients undergoing chemotherapy (age: 7 months-16
years) were analyzed retrospectively, with the high-sensitive hsTnl method following
manufacturer instructions (Triage MeterPro/TriageTrue hs-cTnl Assay). Samples were
selected as their cTn values were below the lower measuring limit of the ¢cTnl method
(0.05-30 ng/mL). Results were interpreted based on the overall 99th percentile URL re-
ported for the high-sensitive method (20.5 ng/L). Out of the 49 samples resulting in values
<0.05 ng/mL (<50 ng/L) with the ¢cTnl method, 28 were below the overall 99th percentile
URL of the high-sensitive method (<20.5 ng/L), 18 were above it (>20.5 ng/L). Out of
these 18 samples, 9 resulted in hs-cTnl values above 50 ng/L. These results suggest that the
measurement of hs-cTnl granted us a higher level of analytical detail during the monitoring
of chemotherapy-induced cardiotoxicity. Not only it was possible to observe values below
the threshold of the c¢Tnl traditional method, but in some cases hs-cTnl levels were found
to be above it (up to 154 ng/L), due to the considerably higher precision of the new method.
Moreover, in some patients, sequential hs-cTnl measurement revealed troponin oscillations
following treatment, opening for its routine use in monitoring potential cardiac damage by
chemotherapy agents (Figure 2) [141].

hs-cTnl (V= 46)

hs-cTnl (ng/L)
=
[=]
o

eaee e eeeeeeaeieegeasanenentaneanenaenannens 99t percentile. URL (hs:cTnl)

20 .y '3 « @ .
0 [ ) 'Y () 'Y ) o
0 30 60 90 120 150 180

days from first measurement
Figure 2. Overall results of hsTnl obtained from 46 children [141].

Finally, the lack of reference values in the pediatric population for all commercially
available hs-cTn assays, a gap that we hope will be bridged soon, does not hinder their use
for the present application, as chemotherapy-induced cardiac damage should always be
monitored following measurement of individual basal values and evaluation of relative
variations in the concentration of the biomarker.

5. Conclusions and Future Perspectives

Cardiomyopathy and heart failure are the main causes of death in cancer survivors, es-
pecially in children. For this reason, its early detection in cancer survivors is crucial for the
prevention of long-term cardiovascular morbidity. Thus, circulating biomarkers are impor-
tant tools to provide prognostic prediction and to guide cardio-protective therapy during
chemotherapy treatment in oncologic patients [142]. Compared to adults, cancer-surviving
children are more susceptible to the cardiotoxic effects of anthracycline due to both the life
expectancy length and a deficient potential for myocardial growth to compensate for early
damage and somatic development. In some survivor ALL doxorubicin-treated children,
it has been observed thinner LV walls, increased afterload, and depressed contractility,
progressively leading to morbidity or mortality. Early identification of cardiac damage
in children after cardiotoxic therapy is crucial to improve clinical practice and benefiting
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patient care. Finally implementation of preventive measures can limit later myocardial
damage. However, so far, no parameters have been identified to predict the possible
development of cardiac dysfunction or HF in children.High sensitivity troponin is a very
promising tool for early detection of CTRCD, but further prospective studies, particularly
in childhood, but also in adulthood are required for its fully entry in clinical practice.
Finally, the genetic can explain why some patients develop cardiotoxicity while others with
same risk factors do not. This means that, in the future, pharmaco-genetic testing and
personalized chemotherapy could be very effective in limiting CTRCD.
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Abbreviations

cTn cardiac troponin

hs-cTnl or hs-cTnT high sensitive methods

NGS next-generation sequencing

HSCT hematopoietic stem cell transplantation
SMN secondary malignant neoplasms

CNS Central Nervous System

CTRCD Cancer-therapy-related cardiac dysfunction
BNP brain-type natriuretic peptide

TOP2 (TOP2A and TOP2B) isoenzymes of topoisomerase II

ROS reactive oxygen species

LVEF left ventricular ejection fraction

SNP single nucleotide polymorphism

ACT anthracycline-associated cardiotoxicity
CBR3 carbonyl reductase

3’ UTR 3’ Untranslated Region

ABCC(C1 ATP binding cassette subfamily C member
ALL Acute Lymphoblastic Leukemia

SULT2B1 sulfotransferase family cytosolic member 2B1
CAT catalase

GSTP1 glutathione S transferase

GPCR35 G protein-coupled receptor 35

HAS3 Hyaluronan synthase-3

CELF4 Elav-like family member 4

RARG retinoic acid receptor-y

hiPSC-CMs pluripotent stem cell-derived cardiomyocytes
ERK extracellular regulated kinase

CPNDS The Canadian Pharmacogenomics Network for Drug Safety
TKIs Tyrosine kinase inhibitors

CML chronic myeloid leukemia

GIST gastrointestinal stromal tumor

ER endoplasmic reticulum

5-FU Fluorouracil

RT radiation therapy

AMI Acute Myocardial Infarction

CK creatine kinase

CK-MB CKisoenzyme MB

NT-proBNP pro Brain Natriuretic Peptide

ELISA enzyme linked immunoassay

RIA radioimmunoassay

C-CB Cardiac Bio-Markers
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NPs Natriuretic peptides

ANP atrial natriuretic peptide

B-type atrial natriuretic peptide or brain
CNP C-type natriuretic peptide

NPRs NP receptors

CRP C-Reactive Protein

AVP arginine vasopressin

IL-6 Interleukin 6

IL-37 Interleukin 37

Gal-3 Galectin-3

ESC European Society of Cardiology
ESMO European Society for Medical Oncology
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Abstract: Off-label prescribing is widespread among pediatricians, and it is unlikely that this trend
will soon be bound by a uniform legal framework. This is necessitated by the fact that there are four
variables: the patient’s health condition, the physician’s experience and knowledge, the legislative
measures (laws, directives, guidelines, and recommendations), and finally, the pharmaceutical
industry. There is considerable concern worldwide about the use of off-label medicines in children.
We may call it an enormous global problem that is much talked about and written about; however,
we should not forget that the goal around which everyone should unite is the patient’s life. For
healthcare providers, the most important thing will always be the health and preservation of the
patient’s life, particularly when it comes to children with life-threatening conditions in neonatal
and pediatric intensive care units (NICU and PICU). The study aimed to examine the prevalence of
off-label drug use in pediatrics. Literature research was conducted, and we included studies from
2012 to 2022 that evaluated off-label drug prevalence in various pediatric patient populations.

Keywords: off-label use; children; neonates; pediatrics; safety; prescription; legislation

1. Introduction

Off-label use is very common and generally legal unless it violates ethical guidelines or
safety regulations. Often the reason is to respond to patients’ medical needs or enable access
to innovative medicines, especially when there is no alternative option [1,2]. Compared to
the drugs that are authorized for adults, those licensed for pediatric use are comparatively a
much smaller fraction. In addition, off-label use of medicines is in general not supported by
the same level of evidence as medicines licensed for adults [3]. This may result in increased
uncertainty on efficacy as well as the risk for adverse drug reactions (ADRs).

Once a medicinal product is licensed, it is the prescribers who assess the benefit-risk
ratio and decide whether that medicinal product should be prescribed. All prescriptions
that do not comply with the licensed Summary of Product Characteristics (SmPC), whether
indication, age, dose or dosage regime, route of administration, mode of use, etc., fall under
‘off-label use’ [4]. The SmPC is a legal document, approved by national regulatory agencies,
EMA, FDA, TGA, etc., as part of the marketing authorization of each medicine. However,
for better or worse, ‘off-label’ is a real fact, a working phenomenon, despite not completely
legitimate, that slowly paved its way into therapeutic regimens, and we already accepted it
as a regular practice [5,6].

Medicines regulation controls how medicinal products are marketed, not how they
are prescribed [4]. Regulatory approval is a costly and time-consuming process. It is
obvious that not every drug will be tested for every eventual indication in its entirety.
Thus, the regulation of therapeutic freedom adopts “an anything not explicitly prohibited
is permitted” approach and assumes that medicines can be used in ways not specified in
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the label as long as they are prescribed by a competent professional based on scientific
knowledge [4,7]. Healthcare providers are not required to limit prescriptions or recom-
mendations to the indications approved by their country’s drug regulatory body. Despite
the risk, healthcare professionals often prescribe various medications that do not contain
regulatory labels for use in pediatrics. The standard of care for many conditions involves
off-label uses. When this process is unavoidable, it should always be guided by a rigorous
benefit/risk assessment since healthcare professionals are solely responsible for off-label
use [8]. In other words, properly understanding why off-label use is common and “usually
appropriate, rather than rare and usually inappropriate”, requires understanding [9].

The reason that many medications in children are administered in an off-label manner,
is: (1) there are not enough legalized medicines for the pediatric population, and (2) there
are not enough pharmaceutical dosage forms suitable for use in children [10]. The existence
of many legal restrictions on the conduct of clinical trials in children further leads to a lag
in the regulation of medicines for pediatric use, and hence the development of pediatric
dosage forms suitable for both parenteral and oral use [11,12].

The current review aims to evaluate the worldwide prevalence frequency of off-label
prescriptions in children in the last decade (2012-2022) and to identify the key determinants
for the future aspects of enhancing the proper treatment of the pediatric population. The
legislative attempts and their role are briefly explored. The current review article identifies
and summarizes the existing issues for off-label treatment in the pediatric population and
the recent achievements in this area.

2. The Need for Pediatric Drugs
2.1. Features of the Children

Childhood is characterized by periods of rapid growth, maturation, and development.
It is widely acknowledged that children constitute a diverse and heterogeneous population,
encompassing preterm neonates to post-pubertal adolescents, and are not simply miniature
versions of adults [13]. The characteristics of children, in terms of physiology and develop-
ment, differ from those of adults, and these also differ in the age range from newborn to
adolescence [14,15]. The pharmacokinetics (PKs) and pharmacodynamics (PDs) of drugs
may be altered by age and development and can be significantly affected by different
factors to an extent that is not well studied to date [16,17]. In addition, the age groups of
children themselves differ from each other [18].

In neonates, it is particularly difficult to detect small but significant effects as outcome
measures are more difficult to assess [15]. Developmental stages can also alter the action
and response to a drug. This is true for the desired action and ADRs [19]. Unfortunately,
history taught us that different drug effects seen in children can be toxic, as seen with
chloramphenicol, valproate, and tetracycline, or enhanced, as seen with some treatments
for leukemia [20]. In addition, the natural course of disease in children may differ from
that seen in adults, and they may suffer from diseases not common in adults [21]. Un-
derstanding the differences in physiology at different stages of development assists with
designing drug formulations and dose regimens [22]. Age-related periods in a child’s de-
velopment are defined as neonate/newborn (ages 0-29 days); infant (>28 days—12 months);
toddler (>12-23 months); preschool child (2-5 years); school-aged child (6-11 years); and
adolescent/teen (12-18 years).

2.2. Drug Formulations for Children

The development of age-appropriate dosage forms and strengths is a major challenge
for the pharmaceutical industry [23]. Our knowledge of child-appropriate formulations
has many gaps, and the industry faces many challenges in the process of creating appro-
priate formulations for all age groups [24,25]. The availability of suitable dosage forms
is also limited even when the drug is approved for use by children. The complexity
comes from the fact that accurate dosing is needed for different age groups [26]. It is
unlikely that a single formulation will be appropriate across the pediatric population,
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necessitating multiple product variants [27]. Pediatric dosage forms must also be adapted
to the chemical-pharmaceutical properties of the active substance and excipients, taste
masking, the quantity taken, acceptability, and convenience to the patient as well as to
caregivers [28]. The excipients used in pediatric formulations need to be appropriate for
the age group [29,30] to avoid the consequences of excipient toxicity [31]. All these factors
further complicate the manufacturing process.

The oral route of administration remains the most preferred due to its convenience and
stability [32]. Recent advances in pharmaceutical technology led to the development of various
types of tablets, such as melts [33], chewable and orodispersible tablets, oral lyophilizates
and oral films, powders, granules [34], and pellets or sprinkles for reconstitution; however,
generally, liquid products are preferred, especially in children under 6 years old [35]. The
major barrier in the development of oral liquid formulations is the taste-masking of drugs, a
hurdle that can be very costly and may not be totally achievable [36].

Drug acceptability is of great importance for receiving adequate therapy [37]. Pediatric
formulations must be appropriate for the child to ensure compliance with the medica-
tion [28]. Different pharmaceutical forms may differ in their pharmacokinetic profile,
highlighting the risks associated with the use of drugs that are not intended for use in chil-
dren or were manipulated. The manipulation or extemporaneous preparation of medicines
by pharmacists has its risks due to the lack of sufficient data on the quality of the final
product [38,39]. Frequently, additional adjustments to medications are made by parents
and caregivers to enhance adherence, especially in the pediatric demographic, where 19%
of administered medications undergo manipulation [40,41].

Due to the diverse factors that influence the development of pediatric dosage forms,
not forgetting the high manufacturing cost, it is lagging in pace compared to the develop-
ment of adult dosage forms [42].

2.3. Dosing in Children

Drug dosage determination is challenging in children since traditional pharmacoki-
netic studies are difficult to conduct and are subject to a greater number of ethical con-
siderations [22]. Modifications related to typical growth and development necessitate the
use of evidence-based approaches to determine safe and efficient medication doses for
children at various developmental stages. Additionally, it is crucial to design suitable
delivery systems for these medications. Due to the lack of sufficient studies related to PKs
in children, it is still a common practice to calculate pediatric doses from data obtained
from the adult population [27]. However, dosage adjustments are often more complex than
simply reducing the dose set for adults based on the child’s age or weight [43].

The US Food and Drug Administration (FDA) and the European Medicines Agency
(EMA) emphasized the absence of pediatric clinical trials and dosing details as critical
clinical gaps. There is now a demand for increased pediatric data in the assessment of
new drugs [44]. Recently, Shaniv et al. [45] identified eight different neonatal formularies
worldwide (Europe, the USA, Australia-New Zealand, Middle East), and six of them were
compared. Each formulary varies in style and monograph template, drug information,
dosing information, and update routine. Healthcare professionals may retrieve required
drug dose details; however, institutions usually give access to only one formulary (if any),
thus limiting the amount of essential information. For example, Suwa et al. [46] compared
72 products with pediatric indications in the USA and found that only 83% (60/72) and
43% (32/72) of the products had pediatric indications in the UK and Japan, respectively.

Most pediatric drug dosing is usually based on weight (mg/kg) or body surface area
(BSA; mg/cm?) [47]. Utilizing total body weight (TBW) is a widespread and suitable
method for calculating drug doses in children. Nevertheless, it is important to note that
pediatric drug dosages cannot be directly standardized from an adult dose based solely
on TBW (i.e., 60 kg adult is not equal to 60 kg child) when pediatric dosing data are
unavailable [48]. Additionally of note is a very pressing issue in the last 15-20 years about
drug dosing in obese children [49]. In obese children, dosing based on body weight and
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BSA might result in doses exceeding the maximum recommended for adults. To address
this, alternative weight measures, such as ideal body weight (IBW) and adjusted body
weight (ABW), were devised to better accommodate these variations. This is because
the volume of distribution (Vd) and clearance (Cl) are mostly affected by physiological
changes (body mass, extracellular water, tissue perfusion, and proportions of lean and fat
tissue) that occur during childhood development [50,51]. Generally, hydrophilic active
substances should be dosed on IBW, partly lipophilic on ABW, and lipophilic on TBW [52].
Collectively, the physiological and pharmacokinetic changes in children with obesity may
require adjustments to the loading and maintenance dose, dose interval, and time to reach a
steady state in certain medications—a severely hampered process when it comes to off-label
use [53].

2.4. Conducting Clinical Research with Children

Well-designed controlled clinical trials provide reliable evidence of treatment efficacy
through rigorously controlled testing of human interventions. Conducting pediatric trials
is challenging due to the heterogeneity of the population and specific ethical issues [54,55].
Ethical concerns about the inclusion of children in clinical trials are disproportionately high,
resulting in strict laws and ethical guidelines [56,57]. The safeguarding of children traces
back to the Niiremberg code, which permits clinical investigations only in individuals
capable of giving informed consent [58], followed by the “Belmont Report” [59], ICH
Guideline For GCP [60] and ICH Topic E11 [61], Directive 2001/20/EC, Ref. [62], and others.
In the USA, the National Institute of Health (NIH) considers, under a legal framework, the
inclusion of children in clinical trials unless there are “scientific or ethical reasons to exclude
them”. Furthermore, in 1998, the FDA approved a requirement that new drugs intended
for use in children entering the market must undergo prior evaluation on “clinical tests in
the pediatric population to determine their security, effectiveness and correct dose” [63,64].

In Canada, the revised version of the Tri-Council Policy Statement: Ethical Conduct
for Research Involving Humans—TCPS 2 (2022) stipulates that the inclusion of pediatric
patients in clinical trials is permissible only when the study’s objectives cannot be achieved
through alternative means, informed consent is secured from parents or legal representa-
tives, and the research poses no more than minimal risk to the children [65]. Moreover,
numerous countries formulated ethical guidelines and regulatory frameworks for conduct-
ing clinical research involving children [1].

The number of clinical trials conducted in children is relatively small worldwide [66].
There exist neither mandatory requirements nor enough financial drivers for the devel-
opment of pediatric medicines. The high development costs and low expected returns of
new medicines for children do not usually attract the pharmaceutical industry to invest
in this area. Globally, the population of children aged 0 to 14 is declining. For 2022, they
comprise 25%, in comparison to 30% and 35% in 2000 and 1980, respectively. In 2022, in the
EU, children under 14 years only account for 15% of the total population [67].

A high level of evidence is a prerequisite that seriously limits available drug treatment
for children, as the underlying evidence is low across ages and drug classes. In a recent
analysis by van der Zanden [68], findings revealed that only 14% of all off-label records
(n = 2718) were substantiated by high-quality evidence, with 4% stemming from meta-
analyses or systematic reviews and 10% from high-quality randomized controlled trials
(RCTs). Furthermore, ethical, harmful, and consent concerns often pose challenges in
obtaining institutional review board approval for clinical trials involving children [69].
Some researchers advocate for concurrently conducting phase 1/1I clinical trials for both
adults and children, emphasizing the importance of interim reports from adult trials
to inform and enhance clinical studies involving children [70-73]. This approach aims
to minimize the time required to gather valuable and valid data on pediatric treatment
while safeguarding children from exposure to ineffective and harmful treatments [74].
Consequently, the scientific community bears the responsibility of encouraging clinical
trials in children to uncover novel and effective treatments. Viewing pediatric clinical
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research from a broader perspective, it underscores both the right of children to access
efficient, evidence-based treatments and the obligation of health authorities and regulatory
agencies to provide high-quality, evidence-based medical care.

3. Legislative and Ethical Measures for Off-Label Restriction

Over the past two decades, changes in drug regulation generated by the FDA and
EMA resulted in substantial changes in how new drugs with potential use in children
are studied and labeled [75,76]. To achieve child’s health protection and to ensure that
medications are used ethically, in 2007, the European Union (EU) issued legislation for the
development and authorization of pediatric drugs [77,78]. In addition, pharmaceutical
companies are required to submit a pediatric investigation plan (PIP) to the EMA’s Pediatric
Committee (PDCO) for every new medicine unless an exemption (waiver) is granted [79].
Ten years after Pediatric Regulation came into force, a total of 273 new medicines and
43 additional pharmaceutical forms appropriate for use in children were authorized in the
EU [80].

Several governmental regulations were established to address off-label use in children.
For example, the Pediatric Research Equity Act (PREA) of 2003 mandates pharmaceutical
companies to investigate the impacts of new drugs on children when these drugs have the
potential for pediatric prescriptions [81]. Studies conducted under PREA are obligatory,
while those under the Best Pharmaceuticals for Children Act (BPCA) are voluntary. BPCA
incentivizes pharmaceutical companies with an additional six months of patent exclusivity
for drugs already on the market if they conduct clinical trials involving children [82]. These
regulations not only underscore the importance of obtaining pediatric safety, efficacy, and
dosing information but also contribute to the transparency of the drug approval process.

In the United States, once a drug receives approval for a specific purpose, physicians
have the liberty to prescribe it for any other purpose they deem safe and effective in their
professional judgment, irrespective of official FDA-approved indications [4]. The FDA lacks
legal authority to regulate medical practice, allowing physicians to prescribe drugs off-label.
Contrary to common belief, the use of drugs off-label is legal in the USA and many other
countries. In 2014, the American Academy of Pediatrics issued a statement addressing the
off-label use of pharmaceuticals in children [83]. The statement advises pediatricians that
“Off-label use is neither incorrect nor investigational if based on sound scientific evidence,
expert medical judgment, or published literature”. Moreover, the statement advocates for
increased support and incentives for clinical testing of drugs in children and the publication
of all results, regardless of positive outcomes [83]. Therefore, for doctors to be able to treat
their patients safely and avoid experimental treatments, their choices should be based on
scientific evidence [84]. This leads to the conclusion that for such evidence to be available,
doctors and manufacturers should be incentivized to collect and publish data on off-label
use. This would contribute to driving the off-label use process.

In the United Kingdom, physicians are permitted to prescribe medications off-label.
In line with guidance from the General Medical Council, the physician must ensure there
is ample evidence or experience supporting the medicine’s safety and efficacy. Off-label
prescribing may be deemed necessary when no appropriately licensed medicine is acces-
sible to address the patient’s requirements or when the prescription is part of approved
research [85].

In China, a guideline was introduced in 2022 with the aim of aiding the management of
pediatricians, pharmacists, medical managers, policymakers, and primary care physicians
in handling the off-label use of drugs in pediatric cases. Additionally, the guideline offers
recommendations for shaping future healthcare policies [86].

An important ethical issue in this context is determining the responsible party for
informing parents or caregivers when a child is prescribed an off-label drug. Occasionally,
physicians do not provide this information, while on the other hand, the pharmacist is
obligated to give it [87]. Hence, two possibilities follow: (1) the parents are stressed and
refuse to give their child a drug with no established efficacy and safety and (2) the parents
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return to the doctor in search of another alternative drug [88]. In our view, to avoid
complications, it is a physician’s obligation (evidenced by giving informed consent), later
confirmed by the pharmacist.

4. Methods
4.1. Search Strategy for the Prevalence of Off-Label Use

A literature search for the prevalence of off-label drug use was conducted in PubMed,
Scopus, ScienceDirect, and Web of Science. Medical subject headings and free text searches
were identical in all databases (“off-label use”, “prevalence”, “pediatric”, “children”,
“neonates”, and/or “study”). Identified article titles and abstracts were reviewed, and
articles were included if evaluating off-label drug uses, with a clear description of the health
care setting and studied population. The duplicates were removed from the identified
papers with the help of Zotero software (v6.0.26), and the rest were browsed for relevance.

The search strategy, flow diagram, and retrieved articles are presented in Figure 1.

‘ PubMed 7=87 } """ } Removal of
dublicates
‘ Scopus 11=110 } ------ | 2 Total n=326
Records p| Relevant=42

: : —103 b =386
‘ Science Direct 7=103 } 4 it Screening for

relevance
‘ Web of Science 17=86 } """" } 18 non-relevant

Figure 1. Flow diagram of the search strategy.

Only full-text research articles published in English, between January 2012 and De-
cember 2022, and reporting on the prevalence of off-label prescribing in children were
included in this review. All papers considered relevant and meeting the selected criteria (n
= 42) were original articles discussing the off-label treatment in the pediatric population.

4.2. Inclusion and Exclusion Criteria

Reference lists were searched to identify any relevant articles. Therapeutic and clinical
guidelines, conference proceedings, book chapters, therapeutic strategies, and updates, as
well as all systematic or other reviews, were excluded.

Two review authors independently conducted the quality assessment of the eligible
studies. Owing to disparities in study design, children’s age, study duration, and outcome
measures, statistical pooling of data was not performed. Instead, a thematic analysis of the
included studies was undertaken, involving a meticulous examination and reexamination
to identify emerging themes and groupings of similar themes from the articles.

Data extracted included: the country where the study was performed, a clear descrip-
tion of the health care setting, the studied population, the number of patients included
in the study, the duration of the study, the number of prescriptions, and off-label drug
prescriptions as a percent. The included articles were divided into three age groups: from
0 to 18 years old; from 0 to 15 years old; and neonates. Further, the articles were browsed
for the most often off-label prescribed drug groups.

5. Results
5.1. Overall Prevalence of Off-Label Drug Prescribing in Pediatrics

We reviewed published literature from 2012 to 2022 to provide an up-to-date summary
of the extent of off-label use in pediatric patients. The proportion of off-label prescrip-
tions in our survey ranged from 3.3% (non-clinical settings; Italy) [89] to 94% (for NICU
patients; Ireland) [90]. Comparing our review with some previously published literature,
Moulis et al. [91] and Gore et al. [92] reported 7.0-78.7% and 36.3-97.0%, respectively.
Magalhaes et al. [93] retrieved 34 studies in which off-label prescriptions ranged from
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12.2% to 70.6%. Balan et al. [94] reported a more extensive range of off-label prescrip-
tions (i.e., 1.2-99.7%). Experience in several countries showed that despite it being almost
impossible to estimate real-world data, especially in outpatients [95], many published
retrospective and prospective trials studies estimate a high proportion of off-label pediatric
prescribing [6]. As might reasonably be expected, patients treated out-of-hospital are less
likely to be prescribed off-label medications [89,96-98]. In a hospital setting, the disease
and patient’s condition are of primary importance. Oshikoya et al. [99] reported a low
rate of off-label prescriptions in the chronic treatment of epilepsy, asthma, and sickle cell
anemia, while in the most vulnerable group of NICU patients, the percentage skyrocketed
to 94% [90]. Comparative data on the extent of off-label prescribing in children 0 to 18 years
in different countries and regions, published in medical literature from 2012 to 2022, are

summarized in Table 1.

Table 1. Data on off-label prescribing in children 0 to 18 years by countries.

% Off-Label

Type of Study

Country Prescrlpt}on's (Number of Patients and Age) Studied Period
(Total Prescriptions)
o Retrospective 12 months
Italy [89] 3.3% (4,027,119) (n = 1,708,755 non-clinical setting; 0-18 years) (January—-December 2011)
. o Retrospective 0.5 months
Finland [100] 71% (1054) (n =123; inpatients; 0-18 years) (April-May 2011)
Prospective cross-sectional 6 months
Norway [101] 44% (930) (n= 40% inpatients; 0-17 years) (September—October 2013 and
- P ’ Y (September—December 2014)
Prospective 4 days
Sweden [102] 41% (11 294) _ . - e (2 days in May and 2 days in
(n = 2947 inpatients; 0-18 years) October 2008)
o Retrospective descriptive 12 months
Portugal [96] 28.1% (724) (n = 700 outpatient; 0-18 years) (January—October 2010)
. o Prospective 12 months
Croatia [103] 19.7% (1643) (n = 531 inpatients; 0-18 years) (May 2010-April 2011)
. o Prospective 1 month
Slovakia [104] 15.7% (267) (n = 68 inpatients; 2-18 years) (February-March 2011)
o Retrospective cohort 3 months
USA [105] 36% (1090) (n = 82 inpatients; 0-18 years) (June 2008-August 2008)
o Retrospective cross-sectional A day
Canada [106] 38.2% (2145) (n = 308 inpatients; 0-18 years) (5 March 2014)
. o Retrospective 24 months
Australia [107] 25.7% (2654) (n =699 ED *, in- and outpatients; 0-18 years) (January—December 2008)
. o Retrospective observational 12 months
Australia [108] 30.5% (6786) (n = 3343 ED patients; 0-17 years) (July 2011-June 2012)

. o Retrospective cross-sectional study 1 month
Australia [109] 53.9% (1160) (n =190 inpatients; 0-18 years) (June 2013)

. o Prospective 3 months
Malaysia [110] 34.1% (1295) (n = 194 inpatients; 28 days—18 years) (April-June 2012)

. o Retrospective cross-sectional 3 months
Indonesia [111] 71.5% (1961) (n = 200 inpatients; 1 month—18 years) (August—October 2014)

. o Prospective 6 months
Malaysia [112] 35.6% (508) (n = 220 outpatients; 1 month-17 years) (July 2011-December 2011)

Nigeria [99] 7.7% (1746) Retrospective descriptive 12 months

(n = 477 inpatients; 0-16 years)

(January—October 2015)

* ED = emergency department.

In the group of studies involving children up to 15 years of age (Table 2), the differences
in age and dose are the main reasons for off-label use. It is noteworthy that many drugs
were in off-label use for many years [113]. The most often prescribed drugs, as off-label
use, are from groups of drugs for the treatment of the respiratory system, anti-infectives,
nervous system, and alimentary system. Different studies give varying reasons for off-
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label use, such as dosage/frequency [114,115], age [116], and formulation [117]. All the
reported ranges are considerably wide. The prevalence rate of off-label medicine use in
Germany, especially for children aged 3 to 6 years, is 48.7% [95]. In 1998, Conroy [118]
performed a prospective study of off-label use in five European countries (United Kingdom,
Sweden, Germany, Italy, and the Netherlands) and found that off-label prescriptions were
39%. Schaffer, Ref. [119] reported only 12.2% of prescriptions, based on age, to be off-label
in Australia.

Table 2. Data on off-label prescribing in children 0 to <15 years by countries.

Country

% Off-Label
Prescriptions

(Total Prescriptions)

Type of Study (Number of Patients

and Age)

Studied Period

Czech Republic [97]

Slovakia [104]
USA [120]
Brazil [121]
Brazil [122]

Brazil [123]

Brazil [117]

Australia [114]

India [113]
India [98]
Indonesia [116]

Pakistan [124]

Malta [115]

9.02% (8559)
21% (206)
57% (240)

31.7% (731)
39% (342)

77.8% (1158)

45% (1328)

31.8% (887)

41.25% (1789)
10.1% (405)
18.6% (4936)

48.6% (3168)

51.7% (209)

Prospective observational

(n = 4282 outpatients; 0-15 years)

Prospective
(n = 49 inpatients; 0-6 years)
Prospective observational

(n = 40 inpatients; 3 weeks-15 years)

Retrospective cross-sectional

(n = 705 outpatients; 0-12 years)

Prospective cross-sectional
(n = 342 inpatients; 0-14 years)
Prospective
(n = 320 inpatients; 214 years)

Prospective observational

(n = 157 inpatients; 1 month-12 years)

Retrospective
(n = 300 inpatients; 0-12 years)

Group 1—150 consecutive patients
Group 2—150 consecutive patients

Prospective observational

(n =482 PICU patients; 1 month—12 years)

Prospective cross-sectional

(n = 170 outpatients; 15 days—12 years)

Retrospective population-based
(n = 4936 outpatients; 0-5 years)
Prospective, observational

(n = 895 inpatients; 1 month—15 years)

Prospective
(n =209 outpatients; 0-14 years)

6 months
(January-June 2012)
1 month
(February-March 2011)

4.5 months
(November 2011-April 2012)
5 months
(August-December 2012
3 months
(November 2007-January 2008)
6 months
(September 2012-February 2013
A week period
Phase 1 (August 2014)
Phase 2 (January 2015)

2 months

Group 1 (1 July 2009-5 August 2009).
Group 2 (1 January 2010-22 February

2010)
12 months
(April 2012-March 2013)
2 months
(July 2012—-August 2012)
12 months
(January—December 2012)
12 months
(March 2014-February 2015)
A month period
Phase 1 (September 2006)
Phase 2 (January 2007)

5.2. Prevalence of Off-Label Drug Prescribing in Neonates

Generally, neonates receive more prescriptions (mean = 5-7) per patient [117,125,126]. For

instance, Langerova et al. [97] reported the lowest rate of off-label use (9.019%; n = 4282 patients)
in children 0 to 15 years; however, the data on neonates are 40.9%, just as the other reports for

this age group (Table 3).
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Table 3. Data on off-label prescribing in neonates by countries.

% Off-Label

Type of Study (Number of Patients

Country (Totl;;e;::ilc)ggﬁz o and Age) Studied Period

Spain [127] 22.5% (564) A Pr‘?ipicgil";l%bée:‘};aafti;ﬁ;)Study (April—ge?grl;}gse oons)
T T e S

France {130] 29-5% (8891) P{r(z) ?Sigxﬁig{)ﬁ;?dagﬁzfl (Ianuar;—zggz):ITIfer 2012)
Ttaly [131] 59% (720) (n= ZZIZ)r(l)\L;‘IpCeSi;)]:ﬁents) (1\}[:)12}]7;1?;8{4)
freland (20} 9% (500) (n= 1112)“1?1})58;};16%) (Februi}riﬁzsh 2012)
Brazil [134] 79.0% (16,143) I;Sc(i);c(zn:c 1;r9r2e rlltlig({,?r};is:i: i)i’zzifc);)t (January 2§§£lgrelgeljnber 2017)
ndia [135] 50% (568) (n= 1;J6rcl)\?f(fegi£>]aetients) (]unef 210;382009)
20 e = NI patens gy 2 e 2019
Israel [138] 64.8% (1064) Prospective 2 months

(n =134 NICU patients) (December 2015-January 2016)

* NICU = neonatal intensive care unit.

Gore et al. [92], Cuzzolin and Agostino [131], Gongalves and Heineck [121], and
Aamir et al. [137] also reported a higher percentage of off-label prescriptions in pediatric
intensive care units (PICU), pediatric medical and surgical wards, and neonatal intensive
care units (NICU). In the study of Gore et al. [92], the number of patients studied ranged
from 34 in NICU to 355,409 hospitalized children. Gongalves and Heineck [121] found that
95.5% of newborns were prescribed at least 1 off-label drug, and the studied newborns were
admitted to the NICU of a university hospital in Brazil. The condition’s severity and the
need for intensive care in the NICU may explain the considerable number of prescriptions
per patient [121,134]. Lindell-Osuagwu et al. [139] reported that in Finland, the proportion
of off-label prescriptions increased from 50% in the 2001 [139] to 71% in 2011 [100]. In
Mumbeai, India, Chauthankar et al. [136] reported that 38% of neonates received at least one
off-label drug, and overall off-label use was 12.3%. Similarly, in Brazil, Carvalho et al. [132]
reported 27.7%, while Vieira et al. [134] reported 79% of off-label use. The great difference
is not due to the year the study was performed, but rather to the definition of off-label,
gestational age, inclusion and exclusion criteria, severity of medical condition, and variety
of drugs used. This indicates that both the low and the high percentages may be accepted
as valid. In contrast, a study performed in Norway [101] reported no difference between
neonates (42%) and total off-label prescriptions (44%; 0-17 years).

An aspect in which we found notable differences between studies is the reason why
the drug was used in off-label conditions. Such differences may be due to the definition of
off-label use and varying reasons for off-label use (Table 4).
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Table 4. Most common reasons for off-label use in the NICU.

Prevalence of the Reason

Reason for Off-Label Determination %) Reference
Dosage 25.7-40-52-61.29 [129,136-138]
Indication 13.68-36 [137,138]
Frequency 32 [138]
Age 10.79-15-44.8 [130,137,138]
Route of administration 14 [138]
Combined (more than one reason) 0.11-8.12-15 [136-138]
Contraindication 13.8 [128]

5.3. Prevalence of Off-Label Drug Prescribing by Drug Groups

Prevalence of off-label prescribing also varies widely with the class of drugs: off-label
use was highest among anti-infectives [99,106,108,111,114,116,122,126,128-130,134-136,138],
CNS drug group [99,102,106,108,109,111,114,122,126,133-136], respiratory [104,107,108,111,
112,115,121,122,133], alimentary tract medicines [103,104,106-108,111,122,126,128,134], and
cardiovascular medications [107,113,119,126,133,134]. This order was also observed in
other studies [89,91,96,140-142], while the lowest off-label use was noted in antidiabetic
drugs [143].

Four of the studies reported the dose, age, and indication as major contributors to off-
label prescribing [99,106,111,112]. It is not possible to isolate individual, most commonly
prescribed off-label medications, as studies vary widely from one another. Most recently,
Oishi et al. [144] reported a surprisingly high (18.8%) level of off-label prescriptions of
asthma inhalers in pediatric patients aged 0-14 years in Japan. Despite the fact that
Carnovale et al. [89] reported that 12.8% of off-label prescriptions are contraindicated
drugs, any of the above-mentioned drug classes have well-established use in protocols,
clinical trials, and meta-analyses, but were not investigated in controlled clinical trials that
meet regulatory agency’s criteria [132].

Different studies give varying reasons for off-label use, such as dosage/frequency [114,115],
age [116], and formulation [117]. Likewise, in some studies [106,108], the existence of
published scientific evidence was analyzed as well. Smeets et al. [145] described that only
14% of all off-label records (n = 2718) were supported by high-quality evidence based on
randomized clinical trials. This indicates that data should be presented by age-related
periods in a child’s development, from neonates to adolescents, rather than overall, as well
as those inpatients, ED patients, and outpatients must be considered separately. The benefit
of these reviews is that it can be noted that most off-label prescriptions were prescribed
in neonates/infants, and especially in emergency settings [146], which is most likely due
to the extreme vulnerability of this group of patients and the lack of clinical studies,
including pharmacokinetic studies. These findings are supported by an EU report [79] and
corroborated by systematic reviews by Balan et al. [147] and Allen et al. [6]. By providing
fresh insights into the practice of off-label drug prescribing, these findings aim to contribute
to the generation of novel and more effective knowledge, addressing the demand for
high-quality drugs that are both safe and efficacious in the pediatric population.

In NICU, the most often off-label prescribed drug groups were anti-infectives (such as
amikacin, gentamicin, vancomycin, meropenem, cefepime, and cefazoline), followed by
drugs acting on the nervous system, the respiratory system, gastrointestinal system, and
cardiovascular agents in [128-136,138].

A comparison between included studies, regarding the most commonly off-label
prescribed active principles and the reason for it, was not performed in our study, due to
the sheer variety of drugs used and polypharmacy, especially where NICU or PICU are
concerned, different study periods, and the broad definition of off-label use, i.e., anything
beyond the official approved SmPC (mode of use, age group, indication, dose and dosage
regime, route of administration, contraindications, and precautions/warnings). The main
variations in the studies are due to: (1) the broad definition of off-label use, which includes
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all the information in the SmPC, such as dose and dose regimen, including lower or
higher dose, patient age and weight, route of administration, indications, and precautions
and contraindications [104,111,148]; (2) the drug information included in the SmPC of
the specific product or other products with the same active ingredient, as well as the
use of databases and formularies (national and international) when looking for product
information; (3) the patient’s condition (acute or chronic), as well as the duration of
the disease; (4) the physician’s experience and the availability of national therapeutic
recommendations for the disease; (5) the season in which the study was conducted; and
(6) inpatient or ambulatory treatment. All these factors are equal in severity.

6. Discussion

In a recent collaborative position statement, the European Academy of Pediatrics and
the European Society for Developmental Perinatal and Pediatric Pharmacology recom-
mend considering off-label prescribing for children as rational and clinically appropriate,
provided that the benefits outweigh the risks [149,150]. However, there is a lack of specific
guidance on how to evaluate the benefits and risks of off-label use. The application of
the Grading of Recommendations Assessment, Development, and Evaluation (GRADE)
methodology [151], commonly used in evidence-based medicine for assessing the benefits
and risks of an intervention, has limitations in this context. Crucial areas that are not
adequately addressed include appropriate dose selection, evaluation of the availability of
suitable drug formulations, and considerations of safety [152,153]. Special emphasis on
dose selection is crucial, as detailed in Section 2, considering that age-specific alterations
in pharmacokinetics (PKs) and pharmacodynamics (PDs) could significantly influence
the required dose to achieve the target exposure [50,154]. In addressing the inherent chal-
lenges of off-label prescribing in children, a practical framework named Benefit and Risk
Assessment for Off-label Use (BRAvO) was introduced in 2021 for healthcare profession-
als and guideline working groups. This framework provides guidance on whether and
how to conduct a benefit-risk analysis for off-label pediatric prescribing, encompassing
dose selection to ultimately enhance both drug efficacy and safety [150]. The conclusions
regarding the balance and acceptance of benefits and risks are, therefore, subject to the
judgment of healthcare professionals. While a standardized scoring system could objectify
the assessment outcome, it may also compromise ease of use. The framework, by ensur-
ing a structured and documented approach, promotes transparency and verifiability in
the decision-making process. Additionally, it is crucial to recognize that a benefit-risk
assessment is an ongoing and dynamic process. As new insights surface, the equilibrium
between benefits and risks may undergo significant shifts, potentially leading to different
conclusions [150]. Moreover, drug information is continually evolving with the emergence
of new formulations as technology advances. This dynamic nature means that studies
published at different times might have varying definitions of off-label prescription, even
for the same drug.

Over the past two decades, there were significant advances in policy and legislation
that support the development of medicines used from neonates to adolescents [155-157].
Since the introduction of the US and European legislation, we witnessed the most substan-
tial advances in pediatric drug development, resulting in the incorporation of pediatric use
labeling information in almost 700 product labels [158,159]. The Pediatric Regulation was
enacted in the European Union (EU) on 26 January 2007, with the primary goal of enhanc-
ing the health of children in Europe by simplifying the development and accessibility of
medicines for individuals aged 0 to 17 years. In October 2017, the European Commission
released a comprehensive ten-year report on the implementation of the Pediatric Regu-
lation [160]. The report indicates a notable increase in the availability of medicines for
children across various therapeutic areas over the past decade, particularly in rheumatol-
ogy and infectious diseases. However, it also highlights limited progress in conditions
exclusively affecting children or those exhibiting biological distinctions between adults and
children, especially in the case of rare diseases. Subsequently, the European Commission,
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along with the European Medicines Agency (EMA) and its Pediatric Committee (PDCO),
devised an action plan to enhance the implementation of the Regulation [161].

The longstanding use of off-label medications in children is a common global phe-
nomenon and remains a concern, persisting despite heightened awareness and enacted
legislation. It is noteworthy that many drugs were in off-label use for many years [113]. A
typical example is paracetamol, which is often mentioned as off-label use [96,102,109,111,
118,122,124,127,129,132,136,137], despite it being on the market for nearly 70 years. The
lack of pediatric information or if it is insufficient or unclear in the SmPCs emerges as one
of the main factors for classifying a drug as off-label in many cases. Our literature review
demonstrates that off-label use of medications in pediatric patients is a common practice
accounting for inpatients and outpatients. We evaluated the problems and achievements
in the off-label treatment of children. A wide range of results were detected between
studies. The number of products identified varies greatly between the studies, depending
on the country, the studied period (from one day [106] to two years [134]), and the num-
ber and kind of units included. Such difference may be due to the inequalities in drug
therapies dependent on geographic areas and updates in SmPC. This may lead to some of
the off-label uses being considered as such, because despite the experience with a drug,
it is introduced in the clinical guidelines but not in the drug’s SmPC. Hence, off-label use
could be associated with increased safety concerns, and under or overdosing due to insuffi-
cient or unclear information for use in children [92,162,163]. Despite various international
regulatory initiatives and achievements over the past 20 years, many challenges remain
in the development and evaluation of the safety and efficacy of pediatric medicines [164].
The review showed the complexity of the matter. More age-specific research is needed
to provide adequate drug safety and efficacy for children. Until more data are provided,
clinical decision-making should be guided by the best available scientific evidence and
closely monitored while authorities, academics, and manufacturers collaborate to foster
trials and authorize adequate drugs for this population. Therefore, we agree with Ya-
mashiro et al. [165], van der Zanden et al., [150], and Kaguelidou et al. [164] that the most
important thing is the compliance with the off-label prescription algorithm and the creation
of a professional network of off-label prescriptions and their implications so that healthcare
providers have a foundation to stand on when deciding whether to prescribe an off-label
drug or not.

The problem of pediatric clinical trials existed for many years. Although there were
great achievements in the last two decades, clinical trials in children will always lag
behind those in adults because of the enormous diversity and specificity of this category of
patients [164]. Off-label use in pediatrics is ubiquitous and primarily based on physicians’
experience, collaboration, knowledge, and existing published scientific literature.

The key determinants and interactions between the patient’s state of health, the
doctor’s knowledge and experience, legislative measures, and the influence of the phar-
maceutical industry on the prescription of off-label drugs in pediatrics are, first of all,
the different age groups in children, characterized by their anatomical, morphological,
and the psychological condition, that makes the creation of medicines for children a great
challenge for the industry. Secondly, it is evidence-based medicine, which allows the
medical practitioners, based on their experience, to prescribe a drug that is not intended,
but which they are afraid to promote because of the risk of a possible error. The next
determinant is the various legislative measures and initiatives around the world that seek
to facilitate children’s access to medicines, but which are not uniform, which in turn leads
to confusion in an industry characterized by globalization rather than segmentation, and
this versatility leads to choosing the easiest step—avoiding development of medicines
for children. Conversely, variations in regulatory criteria among national agencies can
contribute to the prevalence of off-label prescriptions. Overly stringent criteria may result
in reduced access to medications [166]. Given the prevalence of off-label drug use, the
cooperation of health and regulatory authorities on one hand, and the pharmaceutical
industry on the other side, is integral to instituting individual measures to provide safe and
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comprehensive pharmacotherapy for pediatric patients. Enforcement of legislation in the
drug development process, along with subsequent pharmacovigilance, has the potential to
enhance the quality of information and increase accountability within the pharmaceutical
industry. This, in turn, could aid and streamline drug research in children [92]. Where
it is common and evidence-based, the marketing authorization holder and the relevant
regulatory authorities should have a shared responsibility to take appropriate measures
to address legal uncertainties and safety concerns, including updating the SmPC. Health
authorities and health insurance should support and thus reimburse therapeutic practices
that are evidence-based or recommended by a respected and responsible professional
body, regardless of labeling status. Legislation should be enacted to effectively encourage
research into off-label medicines and facilitate the registration of off-label uses with a
favorable balance between benefits and harms [149].

To summarize, the evidence, as shown in our study, is that different countries have
different extents of off-label prescriptions (from 3.3% for non-clinical settings to 94% for
NICU patients). A major problem arises that depending on the clinical setting and the
region, different drugs may be prioritized for various periods, which is especially certain
for antibiotics. The lack of pediatric information or if it is insufficient or unclear in the
SmPC emerges as one of the main factors for classifying a drug as off-label in many of
the cases. We posit that the considerable variability in the observed ranges stems from
significant heterogeneity among the studies under review, likely attributed to differences in
methodology and the diverse patient populations studied (ranging from general ward to
ICU patients). The varying perspectives among prescribers, influenced by their experience
and the availability of drugs in their local contexts, could also contribute to this heterogene-
ity. Notably, ICU patients, being generally more unwell, may receive a higher volume of
prescriptions compared to patients in general wards. Additionally, hospitalized patients
present a spectrum of diagnoses, leading to diverse drug prescriptions with variations in
frequencies, formulations, dosages, and routes of administration. Because significantly
more off-label medicines are prescribed at NICU and PICU, it is of paramount importance
to provide the best possible information to prescribers on the appropriate use of medicines
for children, especially concerning age and dose.

7. Conclusions
7.1. Achievements

In conclusion, though much progress in pediatric drug development was made over
the past several years, further efforts are necessary to improve the availability of pedi-
atric medications. Unless there is an increase in the availability of sufficient pediatric
clinical trials and licensed drugs, the practice of off-label drug prescriptions should not
be discouraged, but rather encouraged in a systematic manner. Our review offers recom-
mendations for expanding scientific knowledge and understanding of the off-label use.
The results are not directly comparable but provide valuable information on the issue.
To allow results comparability, the need to unify the presentation of clinical studies on
the prevalence of off-label use in pediatrics is highlighted. Equally, prescribers should
(1) refer to authorized drug databases/formularies or drug information in the Summary of
Product Characteristics (SmPC) before prescribing; (2) contemplate prescribing an off-label
drug only when essential, following discussions with the patients’ parents or caregivers
regarding associated risks and benefits; (3) inform the parents or caregivers and sign a
consent form; and (4) closely monitor the patient, taking necessary steps to address adverse
reactions following an off-label drug prescription, and ensure proper documentation while
submitting the report to the country’s drug authority. In our opinion, off-label use should
be accepted as an already established practice, but on the assumption that it is based on
evidence-based medicine, especially when it comes to old medicines that are of particular
importance for young patients.
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7.2. Limitations

Our study had several limitations. We do not distinguish between in- and outpatients,
age groups, and active principles used because of the vast divergencies (study design
methodologies, terms of participants, and different study periods) between reviewed
studies. We do not comment on the most often used medicines as well as the consequences
of off-label prescriptions, as the present paper is a narrative review of the literature on the
prevalence of off-label drug use in children for the period of 2012 to 2022.
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Abstract: Spinal muscular atrophy (SMA) is a devastating neuromuscular disorder caused by mu-
tations in the survival of motor neuron 1 (SMN1) gene, which leads to a reduced level in the SMN
protein within cells. Patients with SMA suffer from a loss of alpha motor neurons in the spinal cord
leading to skeletal muscle atrophy in addition to deficits in other tissues and organs. Patients with
severe forms of the disease require ventilator assistance and typically succumb to the disease due to
respiratory failure. Onasemnogene abeparvovec is an adeno-associated virus (AAV)-based gene ther-
apeutic that has been approved for infants and young children with SMA, and it is delivered through
intravenous administration using a dose based on the weight of the patient. While excellent outcomes
have been observed in treated patients, the greater viral dose necessary to treat older children and
adults raises legitimate safety concerns. Recently, onasemnogene abeparvovec use was investigated
in older children through a fixed dose and intrathecal administration, a route that provides a more
direct delivery to affected cells in the spinal cord and central nervous system. The promising results
observed in the STRONG trial may support approval of onasemnogene abeparvovec for a greater
proportion of patients with SMA.

Keywords: gene therapy; onasemnogene abeparvovec; neuromuscular disease; motor neuron disease;
spinal muscular atrophy

1. Introduction

Spinal muscular atrophy (SMA) is a genetic neuromuscular disorder that was initially
described at the end of the nineteenth century by Werdnig [1] and by Hoffmann [2]. SMA
is characterized by a degeneration of the alpha motor neurons of the spinal cord, which
leads to atrophy of skeletal muscle, although primary defects also occur in many other
tissues and organs [3-5]. SMA is caused by the homozygous mutation or deletion of the
survival of motor neuron 1 (SMNT1) gene [6], resulting in inadequate levels of survival of
motor neuron (SMN) protein within cells [7]. Humans have a paralogous gene, termed
SMN?2, that contains a key C-to-T base transition relative to SMN1 that induces a skipping
of exon 7 in the majority of the messenger RNA (mRNA) transcripts that are derived from
this gene, leading to the production of only ~10% full-length SMN protein [8,9]. SMN2
is variably amplified in humans, and more copies of the gene result in the production of
a greater amount of the full-length SMN protein within cells [10]. Thus, more copies of
SMN2 commonly leads to less severe disease for a patient with SMA [11].

Fortunately, several treatments have been approved for this devastating disorder,
including nusinersen and risdiplam, both of which promote the inclusion of exon 7 in the
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SMN2-derived mRNA, and thus a greater production of the full-length SMN protein [12-14].
Arguably, the most promising therapy, onasemnogene abeparvovec, an adeno-associated
virus (AAV)-based vector that encodes the SMN1 gene, has only been approved for use in
infants and young children [15-18]. Onasemnogene abeparvovec is currently administered
intravenously (IV) using a dose based on patient weight, and it is presently unavailable
to older children with SMA due to safety concerns related to high absolute doses of
vector [15-19]. However, a recent trial has explored the use of administering fixed-dose
onasemnogene abeparvovec in children who are up to 5 years of age through intrathecal
(IT) administration [20]—a more direct route through which to deliver the therapy to the
cells of the spinal cord and central nervous system (CNS). In this review, we will provide
background and context for this recent trial.

2. Onasemnogene Abeparvovec

Onasemnogene abeparvovec, marketed as Zolgensma, is a self-complementary AAV
serotype 9 (scAAV9) vector that encodes a functional copy of SMN1 that is under the control
of a hybrid cytomegalovirus (CMV) enhancer-chicken beta-actin promoter (CBA) [21]. The
safety and efficacy of onasemnogene abeparvovec has been explored in several clinical
trials, as detailed in Table 1.

Table 1. Onasemnogene abeparvovec clinical trials.

- . . SMN?2 Administration "
Clinical Trial Patient Age Copy # n Method Dose Status
START . 13
Phase 1 <8 months 2 15 Intravenous II_‘IOV; 6171 x 11%1 4 Vg//llig Completed
NCT02122952 1gh: 1.1 % VE&/Kg
STR1VE-US
Phase 3 <6 months lor2 22 Intravenous 1.1 x 1014 vg/kg Completed
NCT03306277
STR1VE-EU
Phase 3 <6 months lor2 33 Intravenous 1.1 x 1014 vg/kg Completed
NCT03461289
SPRINT
Phase 3 <6 weeks 1,2,0r3 30 Intravenous 1.1 x 1014 vg/kg Completed
NCT03505099
STRONG Low: 6.0 x 1013 vg
Phase 1 6-60 months 3 32 Intrathecal Medium: 1.2 x 10 vg Terminated
NCT03381729 High: 2.4 x 10 vg
SMART N/A
Phase 3b <17 years N/A 24 Intravenous . 14 Active
NCT04851873 (likely 1.1 x 10** vg/kg)
STEER 125
Phase 3 >2-<18 years N/A (esti- Intrathecal 1.2 x 10" vg Recruiting
NCT05089656 mated)

* as of June 2023.

Initially, the safety and efficacy of a single IV infusion of onasemnogene abeparvovec
was examined in the phase 1 START trial (NCT02122952), which involved symptomatic
infants <8 months of age with SMA type 1 and who possessed two copies of SMN2. A
total of 15 infants received either a low (6.7 x 10'3 viral genomes (vg)/kg; n = 3) or a high
(1.1 x 10" vg/kg; n = 12) dose of IV onasemnogene abeparvovec. All 15 infants were
alive without the need for mechanical ventilation at 20 months of age, a dramatic im-
provement from the 8% survival rate observed in the historical control cohort. Among
11/12 children in the high-dose cohort, an increase in survival was accompanied by im-
provements in the Children’s Hospital of Philadelphia Infant Test of Neuromuscular Dis-
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orders (CHOP-INTEND) scores compared to their baseline. A total of 13 patients from
the START trial were enrolled in a long-term follow-up (LTFU) study (NCT03421977) in
which all 10 children from the high-dose group were alive without the need for permanent
ventilation and maintained previously achieved motor milestones for up to 7.5 years post-
treatment, demonstrating the longevity of onasemnogene abeparvovec [22,23]. Without
treatment, children with SMA type 1 with two copies of SMN?2 rarely survive past the age
of two, typically succumbing to respiratory failure [24,25].

The follow-up phase 3 trials, STRIVE-US (NCT03306277) and STR1VE-EU
(NCTO03461289), treated children < 6 months of age with SMA type I and up to two
copies of SMN2 with the high dose used in the START trial [21,26,27]. Both of these
trials demonstrated that over 90% of infants survived free of the need for permanent
ventilation at 14 months compared to 26% in the natural history cohort; furthermore,
approximately half achieved independent sitting at 18 months, a milestone that was not
achieved in the natural history cohort. Both STR1VE trials showed a very good benefit-risk
profile for the IV administration of onasemnogene abeparvovec in symptomatic infants
with SMA that were younger than 6 months, thus supporting the case for the drug’s ap-
proval [15]. This favourable benefit-risk profile was also demonstrated in the SPRINT
trial (NCT03505099), which treated pre-symptomatic infants less than 6 weeks of age with
2 (n=14) or 3 (n = 15) copies of SMN2 [28,29]. The START, STR1VE, and SPRINT trials exam-
ined the safety of onasemnogene abeparvovec in both symptomatic and pre-symptomatic in-
fants with SMA; however, all the infants who participated in these studies weighed < 8.5 kg.
The Global Managed Access Program (GMAP) launched by Novartis in January 2020 pro-
vided treatment to all patients with SMA under the age of 24 months and
weighing < 21 kg [30]. As of 2022, 5 out of 102 children who were treated through
this program were >13.5 kg, the heaviest of which was 17 kg (this patient received a dose
of 1.87 x 10% total vg). The GMAP data showed that the safety findings of patients that
were >8.5 kg at the time of infusion were consistent with the previous data of patients who
were <8.5 kg.

As of January 2023, IV onasemnogene abeparvovec was approved in 45 countries [31],
although the maximum patient age and/or weight varies between countries. In the United
States and Japan, the first countries to approve onasemnogene abeparvovec, the drug is
approved for use in children with SMA up to two years old, regardless of weight [15,16].
In Canada and Europe, onasemnogene abeparvovec is used for the treatment of pediatric
patients with 5q SMA that have bi-allelic mutations in the SMNI gene, and who are
either clinically diagnosed as SMA type 1, or possess three or fewer copies of the SMN2
gene [17,18,32]. This regulatory approval includes dosing guidance for babies and young
children up to 21 kg. Based on natural history studies, the majority of untreated children
5 years old or younger with SMA type 1 or type 2 would likely be <21 kg, and this could
include children as old as 8 years of age [33].

To further explore the efficacy and safety of IV onasemnogene abeparvovec in heav-
ier children, the SMART phase 3b trial (NCT04851873) is investigating the use of IV
onasemnogene abeparvovec in children with SMA who were <18 years of age and who
weighed > 8.5 kg to <21 kg. Although recruitment criteria for this trial permit participants
to be up to 17 years of age, it is unlikely that participants over 8 years of age would meet
the weight requirement of <21 kg at the time of infusion [33].

Following the success of the STR1VE and SPRINT trials, there was an obvious desire
to examine the efficacy of onasemnogene abeparvovec in an older patient population.
However, there are inherent challenges in treating older, and thus larger, patients with
SMA. To date, the therapeutic dose has been calculated based on weight at 1.1 x 10 vg/kg.
Larger patients would require larger absolute doses of vector. A very high dose of vector
is required because IV administration is a relatively inefficient method through which to
deliver vector to the CNS—only a small portion of the vector actually transits through the
blood-brain barrier (BBB) and transduces the target tissues located within the CNS [34,35].
The majority of the IV-administered vector actually accumulates in the liver and peripheral
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tissues [36]. No gene therapy vector is completely “safe”; thus, administering a greater
quantity of vector raises legitimate safety concerns. Use of AAV, such as onasemnogene
abeparvovec, can cause serious adverse events, including acute liver failure in large animal
models [34] and in human trials [19], as well as thrombotic microangiopathy (TMA) in
human trials [37]—the risk of which increases as more viral genomes are administered.
Indeed, trends toward greater elevations in liver transaminases have been reported amongst
heavier children who were administered onasemnogene abeparvovec [38,39]; however, this
was not the case in all studies [30]. Tragically, two children have died of acute liver failure
within 5 to 6 weeks following IV administration of onasemnogene abeparvovec [40,41].
Novartis released a statement following the patient fatalities, highlighting that acute liver
failure is a known side effect of onasemnogene abeparvovec; however, the benefit-risk
profile is still favourable [41]. Similarly, four children in a clinical trial for the genetic
neuromuscular disorder X-linked myotubular myopathy (XLMTM) died following the IV
administration of AAV8-MTM], three of which received a dose of 3.5 x 10! vg/kg and
were confirmed to have died from complications of liver failure [42-45]. AAV may not have
been the sole cause of liver failure in these children; it is possible that the administration of
the vector could have exacerbated pre-existing liver dysfunction, as intrahepatic cholestasis
has been found to be a clinically significant feature of XLMTM [46]. Finally, although the
majority of delivered AAV genomes remain episomal, AAV can insert in the cell’s genome,
which has been associated with hepatocellular carcinoma in humans [47] and mice [48-50]
(although not in all studies [51-54]). In short, although AAV-mediated gene therapy can be
very effective, it does not come without risk. For SMA, an alternative approach to achieve
efficient delivery to the CNS using less vector is greatly desired.

3. Intrathecal Administration of Onasemnogene Abeparvovec

To circumvent the need for the extremely high numbers of vg required for IV treatment
in older, and thus larger, patients, IT administration of onasemnogene abeparvovec has
been explored with the aim of providing a more efficient transduction of the CNS. In
mice and nonhuman primates, IT administration of scAAV9-SMN results in widespread
transgene expression throughout the spinal cord, and this is achieved using 10-fold less
vector compared to IV administration [55].

Initiated in 2017, the phase 1 STRONG trial (NCT03381729) evaluated a single IT
fixed-dose administration of onasemnogene abeparvovec in non-ambulatory children with
SMA type 2 and who were 6 to <60-months of age with three copies of SMN2. Unlike the
previous trials that investigated onasemnogene abeparvovec, there was no weight limit
in the eligibility criteria for the STRONG trial. This phase I dose escalation study used
doses ranging from 6.0 x 10'® to 2.4 x 10! total vg, which is significantly less than the
highest dose administered to patients in the IV phase 1 START trial (which administered
1.69 x 10' total vg to the largest patient [21]). Unfortunately, a partial clinical hold was
placed on the STRONG trial by the FDA in October 2019, citing concern due to dorsal
root ganglia (DRG) mononuclear cell inflammation observed in animals treated with IT
onasemnogene abeparvovec [56,57]. Following further long-term preclinical safety studies,
the partial clinical hold was lifted in August of 2021 [58].

Recently, results of the completed STRONG trial were published [20]. 32 children
were divided into two groups based on age at dosing: younger (6 to <24 months) and
older (24 to <60 months). Patients in the younger children grouping were enrolled into
one of three fixed-dose cohorts: low- (6.0 x 10'3 total vg, n = 3), medium- (1.2 x 10™ total
vg, n = 13), and high-dose (2.4 x 10 total vg, n = 4). The older group all received the
medium dose (1.2 x 10! total vg, n = 12). Amongst the younger patients, 1/3 (33.3%) in
the low-dose cohort and 1/13 (7.7%) in the medium-dose cohort (or 12.5% (2/16 treated
patients) when combining the two dosing groups) achieved independent standing. Based
on natural history studies, 13.7% would have been predicted to achieve this milestone.
Again, amongst the younger children cohort, two children that received the low dose
gained a total of four motor Bayley-III milestones (crawls, n = 2; pulls to stand, n = 1;

112



Pharmaceutics 2023, 15, 1764

and stands alone, 1 = 1), while six children in the medium-dose cohort gained a total of
15 motor milestones (rolls, 1 = 4; crawls, n = 2; pulls to a stand n = 2; stands with assistance,
n = 3; stands alone, n = 1; walks with assistance n = 2; and walks alone, n = 1). Three
children in the high-dose cohort achieved 3 motor milestones (rolls, n = 1; pulls to a stand,
n = 1; and stands with assistance n = 1). Older children who received the medium dose
(1.2 x 10™ total vg, n = 12) showed a mean change of 6.0 points in their Hammersmith
Functional Motor Scale Expanded (HFMSE) scores at month 12 when compared to baseline,
which was significantly different from the natural history cohort, who only saw a 0.5-point
change. Furthermore, 11/12 (91.7%) of treated children achieved a clinically meaningful
(>3-point) increase in their HFMSE score compared to their initial score at baseline visit,
which is far greater than the 13.3% who achieved a similar improvement in the natural
history cohort. Three children in this group achieved a total of four Bayley-III motor
milestones (rolling, n = 1; standing with assistance, n = 2; and walking with assistance,
n = 1). No deaths were reported in this study. Several adverse events of special inter-
est (AESI) were reported, including nine hepatotoxicity events in seven children (21.9%),
including one patient in the medium-dose cohort who experienced elevated alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)—which was deemed a treatment-
related serious adverse event. There were also five thrombocytopenia events observed
in five children (15.6%, one of which was deemed probably treatment related), twelve
cardiac events in nine children (28.1%, including one instance each of sinus tachycardia
and increased creatinine phosphokinase-MB, which were deemed to possibly be treatment
related), and one instance of hepatomegaly (deemed probably treatment related). Overall,
the investigators concluded that IT onasemnogene abeparvovec is safe and well-tolerated,
and the therapy showed efficacy in children aged 2 to 5 years. Unfortunately, the primary
efficacy endpoint of independent standing for >3 s in children aged 6 to 24 months was
not met during the post-dose observation period of this study.

Patients enrolled in the STRONG trial could participate in LT-002 (NCT04042025), a
voluntary phase 4, 15-year follow-up safety and efficacy study, which also enrolled patients
from the STR1VE and SPRINT studies. Novartis provided an update on LT-002 at the
2023 Muscular Dystrophy Association Clinical and Scientific Conference. All children who
participated in the STRONG trial had maintained or achieved new developmental gains
at a mean follow-up length of 3.6 years [23]. In addition, 5/16 (31.3%) had achieved a
new motor milestone; 6 of 12 (50%) had a >3-point increase in HFMSE score; and 3 of
12 (25%) had a >10-point increase [59]. However, interpretation of the data is somewhat
complicated by the fact that some of the patients also received add-on therapy (nusinersen
or risdiplam) [23,59]. Of the 18 patients from the STRONG trial who were enrolled in
LT-002, 50% were also receiving add-on therapy [59]. This is far greater than the 24.6%
of patients who received add-on therapy following treatment with IV onasemnogene
abeparvovec in the STR1VE or SPRINT trials. It is unclear why a larger proportion of
patients that received the IT treatment also sought add-on therapy compared to the IV-
treated group. Perhaps the systemic distribution of onasemnogene abeparvovec to all
tissues of the body during IV treatment provides a better outcome than delivering vector
only to the CNS. While combining therapies may be in the best interest of the patient, it
does complicate interpretation of the data from the clinical trial as any improvement in
motor function may be attributed to more than just onasemnogene abeparvovec. As more
data become available, it will be interesting to see if there is a correlation between dose,
age, and performance in tests of motor function among those who received add-on therapy
compared to onasemnogene abeparvovec alone.

As the medium-dose of IT onasemnogene abeparvovec was well-tolerated and demon-
strated efficacy, it was selected for use in the ongoing phase 3 STEER trial (NCT05089656),
which is exploring the use of IT fixed-dose onasemnogene abeparvovec in patients
aged >2 to <18 years old. Unlike the SMART trial—in which patients were only eli-
gible if they were <21 kg in weight at the time of infusion—all treated patients in the
STEER trial will be administered 1.2 x 10 total vg, regardless of weight. Exploring the
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efficacy of onasemnogene abeparvovec in the oldest population to date through an IT
administration of a fixed dose has the potential to satisfy the unmet need for gene therapy
for children and adolescent patients with SMA.

Although IT onasemnogene abeparvovec may be a promising therapeutic option for
the treatment of SMA in older children, it is important to note that the most dramatic
improvement with IV onasemnogene abeparvovec were observed in pre-symptomatic
infants treated at less than 6 weeks of age [28,29]. In the SPRINT trial, infants with three
copies of SMIN2 all achieved independent sitting, and most achieved independent walking,
within the normal development window, which is typically not seen in patients with
SMA [29]. Amongst infants with two copies of SMN2, most sat independently for >30 s
within the normal development window, and all achieved this milestone by 18 months,
while none in the natural history cohort achieved this milestone [28]. In the STRONG trial,
children in the younger group gained more Bayley-III motor milestones than those in the
older group [20]. Treatment is likely most effective when supplied before the irreversible
loss of motor neurons has occurred. These data emphasize the urgent need for universal
newborn screening to identify at-risk children as early as possible in order to initiate
treatment early. Fortunately, newborn screening has been adopted in many countries
around the world [60]. The early treatment of individuals at high risk of developing SMA,
prior to symptom onset, results in improved outcomes and greater functional independence,
leading to improved quality of life.

4. Onasemnogene Abeparvovec versus Nusinersen or Risdiplam

The results of the STRONG trial should be compared to similar trials involving nusin-
ersen, marketed as Spinraza, which is currently available for the treatment of SMA in
patients of all ages. Nusinersen is an antisense oligonucleotide (ASO) delivered IT that
modulates the splicing of SMN2 pre-mRNA to promote the inclusion of exon 7, thereby in-
creasing the production of the full-length SMN protein [13,61,62]. As opposed to onasemno-
gene abeparvovec, which is delivered with a one-time infusion, nusinersen is administered
IT through a series of four loading doses over the course of the first two months, fol-
lowed by maintenance doses every four months [15,63]. All patients receive the same dose
(12 mg of the ASO in a 5 mL volume), regardless of age, size, or severity of disease. The
CHERISH trial (NCT02292537) used nusinersen to treat 84 children with SMA between 2
and 12 years of age and who had between two and four copies of SMIN2, with 42 children
in a sham control group [64]. At 15 months, 57% of children in the treated group had
achieved a change in their HFMSE score of >3 points compared to 27% in the sham control
group [64]. This is far less than the 91.7% of children who were 2 to 5 years of age and
were treated with the medium dose of onasemnogene abeparvovec in the STRONG trial,
and who achieved the same increase in HMFSE score at month 12 [20]. Overall, the mean
increases in HMFSE scores were not as pronounced in the CHERISH trial at 15 months than
in the STRONG trial at 12 months [20,64]. Nevertheless, the CHERISH trial concluded that
significant improvement in motor function was observed in children with later-onset SMA
compared to the sham control group [64]. Complications associated with lumbar puncture
were significantly higher in the treated group than in the control group (15% versus 3%,
respectively), and these included back pain, headache, and vomiting. Pyrexia and epistaxis
were also >5 percentage points higher in the treated group relative to the control group
(pyrexia: 43% versus 36%; epistaxis: 7% versus 0%, respectively). This study reported no
elevations in ALT or AST as adverse events, unlike in some patients who were treated with
onasemnogene abeparvovec [19,20,64].

The use of ASOs such as nusinersen comes with some associated risks, such as renal
toxicity, thrombocytopenia, and coagulation abnormalities [63]. Recently, delivery of ASOs
into the cerebrospinal fluid (CSF) have been linked to neurotoxicity in mice, which is
caused by changes in the intercellular levels of calcium [65]. In several studies in mice,
ASOQ delivery to the CNS has led to behavioural abnormalities, such as decreased desire
to explore the cage, reduced responsiveness to stimulation, unusual postures, disrupted
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breathing patterns, and reduced consciousness [65-68]. However, this phenomenon has
not been reported in any human patients to date.

Importantly, up to 50% of patients in some clinical trials have failed to respond to
nusinersen for unknown reasons [64]. Regardless of these drawbacks, nusinersen is con-
sidered to be reasonably safe, reasonably effective, and is approved for a wider age group
than onasemnogene abeparvovec. Indeed, treatment with nusinersen has demonstrated a
stabilization of disease progression and even clinically meaningful improvements in the
motor function in some adult patients with SMA [69,70].

Risdiplam, marketed as Evrysdi, is a small molecule splicing modifier approved to
treat patients with SMA of all ages [71,72]. It also acts on SMN2 by stabilizing the SMN2
transcript and promoting the inclusion of exon 7 to increase the cellular levels of full-length
SMN protein [14]. The drug is taken once daily in an oral solution and is dosed based on
patient age and weight at 0.15 mg—0.25 mg/kg up to 20 kg, and 5 mg is the maximum
recommended dose for all patients above 20 kg [73]. In clinical trials, the use of risdiplam
improved HMFSE scores, although to a lesser degree than that observed for nusinersen
and IT onasemnogene abeparvovec [20,64,74,75]. Patients between 2 to 11 years of age
only achieved a mean 1.7-point increase in HMFSE score at month 24 following treatment
with risdiplam [74]. Unlike nusinersen, which is designed to interact with only SMN2
pre-mRNA, risdiplam does not necessarily target only SMN2. Indeed, in animal models
risdiplam has been associated with alternative splicing of the off-target genes FOXM1
and MADD, which are associated with the cell cycle and apoptosis, respectively [14].
Whether the off-target splicing of FOXM1, MADD, or other genes has long-term, adverse
consequences in treated patients has yet to be determined. The degree of off-target splicing
(if any) in patients has not yet been reported [74,75]. The easy administration of risdiplam
makes the drug attractive to patients with SMA; however, the clinical benefits do not appear
to be as pronounced as onasemnogene abeparvovec or nusinersen.

5. Conclusions

For children with SMA between the ages of 2 and 5, the results of the STRONG trial
propose treatment with IT onasemnogene abeparvovec as a therapeutic option as it has a
favourable benefit-risk profile. Although there have been some adverse events associated
with onasemnogene abeparvovec, this treatment appears more effective than nusinersen in
older children with SMA (91.7% versus 57% of children attaining a >3-point increase in
HFMSE score for IT onasemnogene abeparvovec versus nusinersen, respectively) [20,64].
A >3-point change in HFMSE score is considered a clinically meaningful change involving
two or three skills [76,77]. Attaining these skills may translate into significant improvements
in the quality of life for children with SMA. For example, an improvement in the HFMSE
test item “one hand to head in sitting task” may mean that a patient could assist in their
feeding or do so independently. IV onasemnogene abeparvovec has been proven to be
effective for at least 7 years [22,23]; thus, it is possible the older children who were IT-
treated may also maintain achieved motor milestones for many years after treatment.
All of the approved treatments for SMA are exceedingly expensive, but a single dose of
onasemnogene abeparvovec is reported to be more cost effective than the chronic dosing of
nusinersen [78], and thus may ultimately save health care costs.

Some patients with SMA who previously were treated with onasemnogene abepar-
vovec have started an additional add-on therapy (nusinersen or risdiplam) [23,59]. In
fact, there are dedicated clinical trials exploring the safety and efficacy of treatment with
either nusinersen (NCT04488133) or risdiplam (NCT05861986) following treatment with
onasemnogene abeparvovec. In most cases, add-on therapy is initiated due to a perceived
or real plateauing of motor function improvement following the initial onasemnogene
abeparvovec treatment [79-81]. Results from combinatorial therapies have previously
been reported, but these are typically of small sample size or have relatively short follow-
up duration [79-81]. Onasemnogene abeparvovec, nusinersen, and risdiplam all aim to
increase SMIN protein concentration, but they use different mechanisms of action to do
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so [12-18]. Although the use of multiple drugs will obviously increase the already high cost
of treatment, a combinatorial approach to treatment may provide an improved outcome
compared to monotherapy for some patients with SMA.

In recent years, the prognosis for SMA has been transformed by the availability of
life-changing therapeutics. Most notably, the availability of a gene therapy drug restoring
a functional copy of SMN1 through a single intravenous infusion has allowed infants to
not only achieve previously unattainable motor milestones, but to also live far beyond
the average lifespan of untreated infants. Now, efforts are focusing on expanding the
availability of this transformative drug to other age groups. The results of the STRONG
clinical trial investigatingI T administration of onasemnogene abeparvovec in older children
provides optimism for the field, and positive outcomes from the STEER trial may support
broadening the availability of onasemnogene abeparvovec for patients up to the age of 18.
Clinically meaningful improvements in motor function from this and other therapies will
hopefully improve the quality of life for a wider group of patients with SMA.
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Abstract: Background/Objectives: Paediatric Obstructive Sleep Apnoea (OSA) is charac-
terised by recurrent episodes of upper airway obstruction during sleep, manifesting as
snoring, intermittent oxygen desaturation, and frequent nocturnal awakenings. Standard
treatments include surgical interventions, pharmacological therapies, intranasal corti-
costeroids, and oral montelukast. However, significant variability exists across studies
regarding dosage and outcome assessment. This literature review systematically evaluated
clinical evidence regarding the efficacy and safety of intranasal corticosteroids and oral
montelukast for treating sleep-disordered breathing and its primary underlying condition,
adenoid hypertrophy, in otherwise healthy children. Methods: The MEDLINE (PubMed),
Scopus, and Web of Science databases were systematically searched up to 13 February 2025,
using tailored search terms combining keywords and synonyms related to paediatric OSA,
adenoidal hypertrophy, corticosteroids, montelukast, and randomised controlled trials.
Owing to variability in outcome measures, Fisher’s method for p-value combination was
employed to enable a comprehensive comparison of drug effects. Results: Available ev-
idence shows that intranasal corticosteroids (mometasone, beclometasone, budesonide,
fluticasone, and flunisolide), either as monotherapy or in combination with other agents,
consistently lead to clinical and instrumental improvements in adenoid hypertrophy and
related respiratory symptoms, with a generally favourable safety profile. Combining
montelukast with intranasal corticosteroids appears to offer superior benefits compared
with monotherapy. Nevertheless, the reviewed studies varied widely in dosage, treatment
duration, design, and sample size. The reported side effects are mostly mild; however,
long-term studies are lacking to establish the complete safety of these treatments in children.
Conclusions: Intranasal corticosteroids and oral montelukast effectively and safely manage
adenoid hypertrophy and mild-to-moderate OSA symptoms in children. Nonetheless, the
heterogeneity of study designs necessitates larger prospective trials with standardised
protocols and more extended follow-up periods to draw more robust conclusions. Future
studies should aim to stratify treatment outcomes based on OSA severity and duration to
tailor therapeutic approaches better.

Keywords: adenoid hypertrophy; children; corticosteroid; infant; montelukast; obstructive
sleep apnoea; sleep-disordered breathing
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1. Introduction

Obstructive Sleep Apnoea (OSA) is a disorder characterised by recurrent episodes
of upper airway obstruction during sleep, associated with snoring, noisy breathing, in-
termittent desaturation, and nocturnal awakenings [1]. OSA affects approximately 3%
of preschool- and school-aged children [2]. The most common cause is adenotonsillar
hypertrophy (ATH) [2]. Other risk factors include obesity, craniofacial abnormalities, and
neuromuscular diseases, although they are less common [2]. Children with OSA may
present with habitual snoring, restless sleep, mouth breathing, and attention and mood
disorders more frequently [3].

The gold standard for diagnosis is overnight Polysomnography (PSG). However,
owing to the limited availability of paediatric sleep laboratories, screening questionnaires
have been developed to identify children at risk of OSA, such as the Paediatric Sleep
Questionnaire (PSQ) and OSA-18 [4,5]. An anatomical evaluation of the upper airway is
required to complete the diagnostic assessment. In particular, adenoid size is assessed
through nasopharyngeal endoscopy and/or radiological imaging [6,7].

The treatment of paediatric OSA is selected based on the severity of the clinical
polysomnographic profile and the underlying causes [8]. In moderate-to-severe forms,
adenotonsillectomy is the first-line treatment for significant ATH [9]. Medical treatment
is available in mild-to-moderate cases, or when surgery is contraindicated. Specifically,
local and systemic anti-inflammatory therapies may have therapeutic roles in paediatric
OSA [9,10]. Intranasal corticosteroids and leukotriene antagonists, such as oral montelukast,
may improve symptoms and reduce polysomnographic severity indices [11].

Intranasal corticosteroids reduce nasal mucosal oedema and inflammatory mediator
production (IL-6, IL-1f3, and TNF-«x) [12] and decrease adenoid volume [12]. Montelukast
inhibits the cysLT1 receptor, reduces eosinophilic infiltration and oedema in lymphoid
tissues [13], decreases the expression of COX-2 and 5-lipoxygenase, and reduces circulating
levels of IL-8 and high-sensitivity CRP [14,15].

Literature from the past decade suggests that intranasal corticosteroids can improve
symptoms related to adenoid hypertrophy (AH). A meta-analysis of eight RCTs demon-
strated that mometasone significantly reduced nasal obstruction and the adenoid-to-choana
ratio (A/C ratio) [16]. Another meta-analysis, which included five trials (mometasone
furoate, fluticasone propionate, and budesonide), also conducted on adults, revealed a high
risk of bias and considerable methodological heterogeneity [17].

Oral montelukast, evaluated in four RCTs involving children with mild to mod-
erate OSA, significantly improved polysomnographic parameters [15]. However, a re-
view of five trials, three on intranasal corticosteroids and two on montelukast, with the
Apnoea-Hypopnea index (AHI) as the primary outcome, demonstrated insufficient ev-
idence supporting corticosteroid efficacy and only short-term benefits for montelukast,
without long-term safety data [9]. Another study involving children aged 1 to 16 years
confirmed the short-term positive effects of intranasal corticosteroids and montelukast on
desaturation indices and oxygen saturation [18].

The combined use of montelukast and intranasal corticosteroids, as well as mon-
telukast monotherapy, also appears effective in the short-term management of paediatric
OSA (reduction in AHI) [11] and in the treatment of AH [19]. In an analysis of 17 RCTs
involving children aged 2-14 years with OSA, mometasone combined with montelukast,
budesonide, and montelukast monotherapy showed superiority over placebo in improving
AHI [20]. Similarly, combined treatment with mometasone and montelukast was more
effective than mometasone alone in improving symptoms and adenoid-to-nasopharynx
ratio (A/N ratio) [21].
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A traditional meta-analysis approach may be complex or less informative because
of the significant heterogeneity in the primary outcomes reported in previous studies.
Fisher’s Combined Probability Test enables aggregating results based on p-values, avoiding
methodological issues associated with data transformation into a single standard measure.
Moreover, this method determines the overall significance of the association between the
intervention and outcome [22,23].

2. Materials and Methods
2.1. Search Strategy and Study Selection

We searched three major databases—MEDLINE (PubMed), Scopus, and Web of
Science—for English-language studies published up to 13 February 2025. MeSH terms
and text words (and their combinations and truncated synonyms) were used. Customised
search terms were adapted for each database, combining keywords and synonyms: (chil-
dren OR pediatric) AND (obstructive sleep apnoea OR sleep-disordered breathing OR
adenoidal hypertrophy) AND (corticosteroids OR montelukast) AND (randomised con-
trolled study). The search terms used are presented in Appendix A.

Studies were eligible for inclusion if they were
(1) The paediatric population.

(2) Assessed the effects of intranasal corticosteroids and/or montelukast in treating
Obstructive Sleep Apnoea (OSA), sleep disordered breathing (SDB), and adenoid
hypertrophy (AH).

(3) Employed a randomised controlled design.

(4) Reported the clinical and/or instrumental outcomes.

We excluded studies that did not meet these criteria, non-English publications, animal
studies, and studies involving surgical or non-pharmacological interventions. No restric-
tions were placed on geographical region, sex, or specific age ranges within the paediatric
population. No particular outcome domains were predefined to allow the inclusion of all
clinically relevant findings compatible with the scope of the review.

Duplicate articles were removed before screening the abstracts. Two authors (MZ and
LN) reviewed the titles and abstracts independently, followed by full-text assessments.
Discrepancies were resolved through discussion or adjudication by a third reviewer (AP).
The reference lists of the included studies were screened for additional eligible articles.
Ethical approval was not required because the study did not involve human participants.
The systematic review followed the PRISMA guidelines [24].

2.2. Statistics

The AI tools (QUADAS-2 and QUADAS-C, ASReview, Abstrackr, RobotAnalyst,
EPPI-Reviewer, and DistillerSR) are a promising innovation for systematic review prac-
tices [25,26]. During the revision process, Generative Al (ChatGPT 4 and 4o, Plus plan,
OpenAl) [27,28] was used to explore appropriate statistical approaches for synthesising
heterogeneous p-values derived from RCT.

To comprehensively compare the effect of the drug versus control across these studies,
considering the variety of outcome measures and the predominant availability of p-values,
we employed the probability combination method known as Fisher’s [22,23].

Using Fisher’s method, the statistic X%k = —225-‘:1 In(p;), where p; is the p-value
from the ith test, and k is the total number of combined tests. The resulting variables X?
approximately follow a chi-square distribution with 2k degrees of freedom, calculated as
twice the number of studies included. By comparing this X? value against critical values
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from the chi-square distribution with 2k degrees of freedom (as found in the chi-square
distribution tables), an overall combined p-value was obtained [29].

The Al tool also assisted in designing a datasheet for applying Fisher’s method of
p-value combinations. The detailed procedure for calculating the combined p-values using
Fisher’s method in Microsoft® Excel® for Microsoft 365 MSO (Version 2503) is provided in
Appendix B, Table A1.

The main p-values reported by each study were selected by identifying the value(s)
representing the primary endpoint or the most directly comparable outcome across the
trials. For each study, at least one p-value for the difference between the treatment and con-
trol groups was considered. This approach allowed for an overall estimation of treatment
effectiveness, even when individual studies reported distinct p-values without sufficiently
homogeneous data. The authors critically reviewed and approved all the analyses, deci-
sions, and interpretations.

3. Results

In total, 170 articles were identified, of which 46 were duplicates. Consequently,
124 studies were included (Figure 1). After the selection process, 40 articles were included
in the final analysis. After full-text analysis, an additional 10 studies were examined and
excluded. Overall, 30 studies met the inclusion criteria.

[ Identification of studies via on-line databases ]

Records identified from

Databases (n = 170):
_PUBMED (n = 38) Records removed before

- SCOPUS (n = 118) screening (n = 46)
- WEB OF SCIENCE (n = 14)

'§
=1
S
f‘;‘
=]
)
=
=

Records screened (n= 124) Records excluded (n = 86)

N\

Reports excluded:
Review (n=47)
Meta-analysis (n=5)
Guidelines (n = 4)
Unrelated (n= 18)
Case reports (N=1)
Not English (n=7)
Abstract (n=3)

2" Jine exclusion (n = 8) Adults (n=1)

Screening

Reports assessed for
eligibility (n = 38)

Studies included in review: (n=
30), of which steroids (n = 21)
and montelukast (n = 9) studies

[ Included

Figure 1. The PRISMA flow diagram [24] visually represents the study selection process and number
of studies included at each stage. For more information, visit: http:/ /www.prisma-statement.org/
(accessed on 16 February 2025).

Table 1 summarises the controlled clinical trials, including randomised [30-33], double-
blind (placebo-controlled) [30-32], crossover [34], and multi-centre studies [31]. Some studies in-
cluded larger sample sizes (1 > 200) [31], whereas others enrolled fewer than 30 participants [34].
Inclusion criteria were clearly defined, targeting children with AH [30,34-36] associated with
obstructive respiratory symptoms [31,32] and otitis media with effusion (OME) [35,36].
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Table 1. Clinical studies on treating adenoid hypertrophy and sleep-disordered breathing symptoms

with mometasone furoate (MF).

Tx vs.

Reference Design  Pop (Age) N In/Ex Ctrl Dur o1 02 Out (Tx) Out (CtrD) Stat
p=0.04
X sympt.;
In: AHG3-4 >3 » 2 00001
prgzo't?;tr;ffﬁts MF 200 (adenoid
Child. Ex: prev. wg/day OME reduct.
Bhargava 100 . 2 resol., PTA, Tx, NS in
DB- 2-12 yrs, adenoidect., ster. . K OME OME .
(2014) RCT AH & (30 vs. <1vr puffs/nostril 24 wks adenoid sympt., rosol. 93Y% rosol. 50% Ctrl);
[35] OME 32) Cmmog’aéial /day) size QoL e "N p=0.0004
disord., Down S ‘is reduct. (OME);
synd., recurr aline p <0.0001
v ! (PTA);
acute inf. p = 0.0001
(QoL)
p <0.001
(choan.
In: choan. Obstr. obstr.,
obstruct. >75%, MF 50 . sympt. total
60 tot 3-7yrs ug/day Ade;gnd (obstruct., Choan. sympt.,
Berlucchi Child. (27 vs. Ex: tonsil 1 40 days + . % " rhinor- obstr. 76.5%—76% nas.
(2007) RCT 3-7yrs, 30; hypert., allergies,  puff/nostril 3 mo (e ue d- rhea, 88.5%—64% Tot sympt. obstr.),
[30] AH >75% 57 ster. <4 wks, /day) maint. avor cough, Tot sympt. 10—9 p=
X ade- ¢
compl.) acute inf. <2 vs. noidect.) snoring, 11—-3 0.00005
wks, craniofacial Placebo . apnoea), (snor.),
disord. AE p=
0.00034
(apnoea)
: >
e S rs MF100 AH Sympt.
Child. L= ug/day improv. OME OME
Ie 1 3-15 122 tot courses 1 reduct. ( R 1 1 p <0.001
enge yrs, o Ex: ster. <4 wks, ( . (choan. snorng, res?’ ’ resc(), . (OME,
(2006) CRS AH + (67 vs. immunodef.. MF puff/nostril 6 wks %) obstr., 42.2%, 14.5%, A/C rati
[36] OME >3 55) ‘;ngg"y" /day) oME mouth A/Cratio  A/C ratio Sym;t )0'
mo craniofacial st"i" resol. breath., 80—40 70—80
disord. o Tx apnoea)
MEF 200
o e 7o
Yilmaz DB- Adolesc. 28 (30 obst‘ruct. 2 6mo Saline, 6 wks Adenoid Total TSS: TSS: sympt.),
(2013) 12-18 yrs, init., 2 Ex: ster. <1yr, sympt.,
RXO . 3-wk + 6 wks vol. (NS) 6.56—4.31  6.50—5.33 p=0.428
[34] AH lost) immunodef., wash-out QoL (adenoid
prev. adenoidect. a Tx ut Vf)l )
crossover
p=051
In: SDB MEF 100 ENT eval,, SDBresol.  SDB resol. (SDB),
Child. 276t score > —1 ng/day QoL 44% 41% =0.00
Baker MC- 3-12 iy (138 vs. No br 4 1 SDB (PedsQL), PSQ—S]’DB PSQ-SbB P (PSQ—
(2023) DB- b 138) O prev: puff/nostril 6 wks sympt.  PSQ-SDB,
SDB > 2 adenotonsillect., 0.51—0.38, 0.53—0.40, SDB,
(311 RCT wks % BMI<o7thper, /92 resol. OSAS - “osas OSA-5 OSA5,
no ster. < 6 wks o parel 6.2—3.6 5.5—3.8 QoL,
Saline satisf. .
satisf.)
ODI
In: OAHI 1-5 MEF 200 L
. ’ snoring OAHI p =0.039
. 62 tot snoring = 3 ug/day OAHI freq,ade-  OAHI 25529,  (OAHI),
Chan Child. (Bl vs nights/wk 2 change noid /tonsil 2717, ODI 0.7 20037
(2015) RCT 6-18 yrs, 31; Ex: craniofacial puff/nostril 4 mo g R ODI —0.6, L p=9
. . (PSG size . snoring (ODI),
[32] mild OSA 50 disord., elev. /day) re/post) (endosc.) snoring un- ~0.031
compl.) BMI, nasal/phar. vs pre/p 1 7 75%—54.5% h d p="5
o Placebo sleep change (snoring)
surg param.
In: Sympt. re-
P:;ist;adjrr;?;iit' currence Obstr. Obstr. p=0.001
Child. p MF 40 prev. QoL, 2.31—0.73, 2.33—1.49, (obstr.),
Sobhy 200 tot sympt.
3-13 yrs . ug/day (nasal reduct. Nasal secr.  Nasal secr.  p =0.0001
(2013) RCT (100 vs. Ex: ster. <1yr, 12 mo .
133] post- 100) epistaxis VS. obstruct., reinter- 2.16—0.67, 2.12—1.53, (secr./snor.),
adenoidect. immunodef 4 o Saline rhinor- vention Snor. Snor. p =0.003
Bk /neurofﬁﬁsc thea, 2275079 225144  (X-ray)
disord. ) snoring)

Legend: A/C ratio: Adenoid/Choana ratio; AE: adverse events; compl.: completed; CRS: Controlled Ret-
rospective Study; DB-RCT: Double-Blind Randomised Controlled Trial; DB-RXO: Double-Blind Randomised
Crossover; ENT: ear—nose-throat; freq.: frequency; init.: initial; MC: multi-centre; MF: Mometasone Furoate;
mo: months; nas.: nasal; NS, not significant; obstr.: obstruction; ODI: Oxygen Desaturation Index; OSA-5: Ob-
structive Sleep Apnoea-5; PSQ-SDB: Paediatric Sleep Questionnaire; PTA: Pure Tone Audiometry; QoL: quality
of life; resol.: resolution; satisf.: satisfaction; SDB: Sleep-disordered breathing; secr.: secretion; snor.: snoring;

ster.: steroids; surg.: surgery; sympt.: symptoms; tot: total; wks: weeks; yrs: years.
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The exclusion criteria were recent steroid use [30-36], craniofacial anomalies or mal-
formations [30-33,35,36], and allergic or immunodeficiency conditions [30,33,34,36].

All studies measured at least one objective parameter (e.g., adenoid volume reduction
via endoscopy, radiography, A /C ratio), obstructive AHI—oAHI—on PSG (etc.), and sub-
jective symptoms (snoring and mouth breathing). Many studies have employed validated
tools such as the PedsQL or the Glasgow Children’s Benefit Inventory [31]. One study
extensively analysed polysomnographic parameters (AHI and ODI) [32]. Studies with
greater methodological robustness (multi-centre, large sample size, double-blind) and
others that were smaller [34] or shorter in duration [36].

The dosage of mometasone furoate typically ranges from 50 to 100 ug per nostril per
day (100200 pg/day total), administered once or twice daily. Some protocols begin with
two puffs per nostril per day [35], others with a single puff [30], occasionally followed by
alternate-day maintenance or reduced dosing [30,35]. The treatment duration varied from
6 weeks [36] to 3—4 months [30], 6 months [35], or a one-year follow-up [33]. Some studies
have reported reduced sample sizes and significant dropout rates [32]. Most comparisons
were between mometasone furoate and placebo (saline solution) [30-35].

The most significant studies [30] showed decreased endoscopic or radiological ob-
struction (A/C ratio). One study did not find statistically significant differences in adenoid
volume, but noted symptomatic improvement [34]. Most studies reported reduced sever-
ity scores for symptoms (apnoea, snoring, and nasal obstruction) in the mometasone
group compared to controls [30,32,35,36]. One study documented a significant reduction
in polysomnographic parameters (0AHI and ODI) [32]. In cases of OME, some studies
demonstrated quicker radiological and clinical resolution/improvement in patients treated
with mometasone [35,36]. Other studies reported decreased symptom severity scores and
reduced perceived need for adenoidectomy [31]. Relevant adverse events were rare; one
study noted mild epistaxis [30], but mometasone use was generally tolerated.

Considering the statistical analysis of p-values reported, due to the very small individ-
ual p-values (except for one study with p = 0.51) [33], the sum of log-transformed p-values
was extremely low. The resulting %2 statistic far exceeded the critical threshold of a x?
distribution with 2k degrees of freedom. Notably, one study reporting a non-significant
p-value for the ‘resolution of SDB symptoms’ (p = 0.51) still indicated significant differences
in other outcomes, such as quality of life scores (p = 0.001) [33].

The studies presented in Table 2 [37-39] aimed to evaluate the effectiveness of nasal
beclomethasone spray in reducing AH and associated obstructive symptoms such as nasal
obstruction, snoring, and related issues (e.g., OME). All studies were randomised and
double-blind, with some including a crossover study component.

Despite some differences in the study design (duration, dosage, and outcome mea-
sures), there is a general trend toward moderate methodological quality. Specifically, the
enrolled sample sizes were relatively small, ranging from a minimum of 20 children [39] to
a maximum of 60 children [38], with notable dropout rates during follow-up [39].

Regarding therapeutic protocols, all three studies used nasal beclomethasone (gener-
ally 200400 pg/day) for periods ranging from 8 weeks [37] to 24 weeks [38]. One study
began with a higher initial dose, followed by a maintenance phase at a reduced dose [38].
The follow-up durations varied from 8 weeks [37] to 24 weeks [39]. In one case, the authors
followed the children for up to 100 weeks [38]. However, only a part of the protocol was
double-blind and controlled.
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Table 2. Clinical studies on the treatment of adenoid hypertrophy and sleep-related breathing

disorder symptoms with beclometasone.

Pop

Reference Design (Age) N In/Ex Tx vs. Ctrl Dur o1 02 Out (Tx) Out (CtrD) Stat
Nasal Nasal
In: AH (clinical + Improv. Block: Block:
X-ray), no ster. < obstruct. —154 + —1.69 +
Lepcha Child. 1 yr, no nasal Beclom. 200 sympt'. Eval. 0.97; 1.1} ; p=NS
(2002) DB- 312 31 tot spray < 2 wks, ug/day 8 wks + adenoid nasal Snoring: Snoring: symptom
137] RCT o (5 lost) no immun- VS. size secretion, —-1.31 £+ —-1.77 + scores
y odef. /epistaxis. Placebo reduct. OME, AE 1.18; 1.01; (p > 0.07)
Ex: see inclusion (X- Endosc.: Endosc.:
criteria ray/endosc.) —0.38 = —0.08 +
0.51 0.28
Nasal
Freq Block:
In: obstruct. > 6 Beclom. 400 (éo‘zsk)s . >50% adenoton- _é'gé.i N/A P >f(?£05
mo, AH/NF > ug/day vs : reduct. sillect., i (placebo 2 -
. . Rnd ? 24 wks Snoring: radiogr.
Criscuoli sinele- Child 60 tot 0.5, planned A-T.  Saline (2-wk (open) nasal ob- AE, 1314 wks), and
(2003) bl'g ) (53 Ex: ster. <1yr, cross.), then P struction obstruct. el then all
ind, ~3.8 yrs . (total ~28 . 1.18; ) endosc.
[38] compl.) epistaxis, 200 pg/day : index meas. at . open: P
crossover . " ” wks); Mild diff.; no
immunodef., open (NOTI) 24,52, . label
follow-up improv. severe AE
URTI < 2 wks 24 wks score and beclom.
100 wks X- reported
100 wks
ray/endosc.
(NS)
Beclom. 336 Ai?;‘g‘d Reduct. Ctrl: p =0.0002
20 tot ug/day (2 reduct snoring, A/C ratio minimal and
In: Chron. nasal puff 8-wk N " rhinolalia, 91%——14/—15%atio 0.0006
a1z (rhinoscopy: -
. . obstruct. sympt., x2/day) cross + o enuresis at 4 wks, changes (A/C
Demain DB-PC Child. compl. A : o —29% at . o o 0.
-PC- /C ratio ~90%, VS. 16 wks in8/9, —29% at (0%——2%); reduct.),
(1995) 5-11 8 wks, 24 wks) K
RXO no ster. <12 mo, Placebo (8 open fewer 24 wks; sympt. p~0.05
[39] yrs 14 . Obstruct.
no immun- wks), then (total 24 ATB, sympt. scores es- (sympt.);
compl sympt
24 wk ) odef./epistaxis “open” 168 wks) rod t. improv. score: sentially carryover
WS ug/day for (e_ 81;/- OME —82% un- eff. in
16 wks score)o pressures changed RXO

Legend: A/C ratio: Adenoid-to-Choana ratio; AE: adverse events; AH: Adenoid Hypertrophy; ATB: antibiotics;
compl.: completed; DB-PC-RXO: Double-Blind Placebo-Controlled Randomised Crossover; DB-RCT: Double-
Blind Randomised Controlled Trial; diff.: difference; endosc.: endoscopic; Improv.: improvement; In/Ex: Inclu-
sion/Exclusion criteria; immunodef.: immunodeficiency; mo: months; NF: Nasopharynx; NOI: Nasal Obstruction
Index; NS: not significant; OME: Otitis Media with Effusion; obstruct.: obstruction; radiogr.: radiographic;
reduct.: reduction; Rnd: Randomised; ster.: steroids; sympt.: symptoms; tot: total; Tx vs. Ctrl: Treatment vs.
Control; URTL: Upper Respiratory Tract Infection; wks: weeks; yrs: years.

Concerning efficacy, one study reported modest and sometimes non-significant re-
ductions in adenoid size documented through instrumental examinations [37]. Another
study demonstrated a 29% reduction in the adenoid area after 24 weeks of therapy [39],
significantly improving obstructive symptoms.

In the study by Lepcha et al. [37], p-values ranged from 0.71 to 1.00 for most variables, with
the lowest value of 0.07 for endoscopy; thus, a p-value of 0.07 was selected for the endoscopic
endpoint. Criscuoli et al. [38] reported p-values of 0.71 (nasal obstruction), 0.30 (snoring), and
0.39 (nasal discharge), along with values greater than 0.05 for endoscopic and radiographic
findings. Since all values exceeded 0.05, a representative p-value of 0.30 (snoring) was selected.
Demain and Goetz [39] reported significantly lower p-values for the A /C ratio reduction (p =
0.0002 right, p = 0.0006 left) and around 0.05 for symptomatic scores. The smallest and most
statistically significant p-value for adenoid reduction was 0.0002.

Although two studies reported non-statistically significant results for the primary
endpoints [37,38], the pronounced effect observed by Demain and Goetz [39] (p = 0.0002)
strongly influenced Fisher’s combined analysis, resulting in a highly significant global
p-value (p < 0.001). Fisher’s combined p-value analysis suggested an overall benefit of
beclometasone compared to controls (p < 0.001). However, discrepancies among studies
(two showing no significant differences [37,38]), one demonstrating significance [39], and
the variability of outcomes warrant caution in clinical interpretation.
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The studies presented in Table 3 evaluate the effects of beclometasone on AH and
symptoms related to SDB [40—42]. These studies exhibited good methodological quality:
prospective, randomised, placebo-controlled, and double blind. Inclusion and exclusion
criteria were clearly defined, with sufficiently large populations ranging from 60 [40] to
100 children [41]. However, not all studies have provided long-term follow-up [40,42].

Table 3. Clinical studies on treating adenoid hypertrophy and sleep-related breathing disorder

symptoms with budesonide.

. Pop Tx vs.
Reference Design (Age) N In/Ex Ctrl Dur o1 02 Out (Tx) Out (CtrD) Stat
In: SDB > 3 OSA-18:
mo, no Snoring, p =0.0014
. steroids < 4 . apnoeas, Snoring;:
Child. wks, no prev. Budesonide OSA-18 nasal ob- . . p =0.0020
IS . 4-10 128 : . OSA-18: OSA-18: .
udnadottir Pros, Rnd, 60 tot AT surgery, no reduction struction, Caregiver
yrs O ug/day 6 wks . 65.2—45.7  54.8—47.3 .
(2018) [40] DB, PC . (30 vs. 30) craniofacial (QoL in QoL concern:
with disord VvS. SDB VAS (A —19.5) (A =7.5) — 0.0057
SDB 1SOTCIETS. Placebo ) (VAS), p=2
Ex: acute adenoid QoL
infections, size (VAS):
severe SDB p <0.001
Nebulised
In: nasal budes-
obstruction + onide
snoring > 6 (Img/2 Tot 26
mo, A/N ratio mL/day, wks NOI NOIL: NOL NOI,
>0.5, AHI > 2, 2 wks) + reduction . 341—192 3.37—3.32 snoring,
(2 wks Snoring, . . .
Prepubertal 100 tot scheduled ade- subse- DB+ 12 >2+ nasal Snoring: Snoring: secretion:
Hong Rnd. DB 6}31?113 erta (920 noidectomy. quent K reduced as:.l 3.39—2.01 3.42—3.38 p <0.001
(2017) [41] nd, chiid. Ex: steroids < nasal WKS ade- secretion, Ade- Ade- Ade-
6-8 yrs compl.) 6 open- . OME, AE, . . .
mo, spray 64 noidec- noidec- noidec- noidec-
A . label + growth
epistaxis, pg/nostril follow- tomy tomy: tomy: tomy:
immunodef., /day ) rate 30.77% 73.33% p =0.002
URTI < 2 wks, vs. up
required Saline
tonsillectomy 2 mL/day
for 2 wks
In: mild OSAS
(AHI 2-7),
habitual
. snoring, . OAHL: OAHL:
C()}_“llg' hypegg’phlc B“dgi"mde 3713 2940  p<0.0001
Kheirandish- DB. Rnd s 62 tot Ex: asthma /da AHI and Sleep ar- N/P: N/P: (AHI,
Gozal s nd, Y : g/ day 6wks  N/Pratio chitecture, 071057  0.77—0.77 N/P)
crossover with (48 vs. 32) with prev. vs. . . . _
(2008) [42] . reduction SpO, Nadir Nadir p =0.004
mild therapy, recent Placebo . .
OSAS steroids (saline) SpO»: SpOy: (5p0z2)
. / 88.9%—91.4%90.1%—88.5%
immunodef.,
nasal surg.,
craniofacial
abnormalities

Legend: AE: Adverse Events; AHI: Apnoea-Hypopnea Index; AT: Adenotonsillar; compl.: completed; DB: Double-
Blind; freq.: frequency; immunodef.: immunodeficiency; In/Ex: Inclusion/Exclusion criteria; mo: months; N/P:
Nasopharyngeal/Oropharyngeal ratio; NOI: Nasal Obstruction Index; OAHI: Obstructive Apnoea-Hypopnea
Index; OME: Otitis Media with Effusion; OSA-18: Obstructive Sleep Apnoea-18 questionnaire; OSAS: Obstructive
Sleep Apnoea Syndrome; param.: parameters; PC: Placebo-Controlled; prev.: previous; Pros: Prospective;
QoL: Quality of Life; Rnd: Randomised; reduct.: reduction; SDB: Sleep-Disordered Breathing; SpO,: Oxygen
Saturation; surg.: surgery; tot: total; Tx vs. Ctrl: Treatment vs. Control; URTI: Upper Respiratory Tract Infection;
VAS: Visual Analogue Scale; wks: weeks; yrs: years; A: delta (change).

Budesonide was administered at dosages between 64 pg [41] and 128 pg [40] per day
via nasal spraying [41] or transnasal nebulisation. The treatment duration ranged from six
weeks [40] to approximately 14 weeks [41]. One study included additional observation
weeks to monitor potential recurrence [41]. In one case, a two-week double-blind phase
(with nebulised budesonide or placebo) was followed by a twelve-week open-label phase
using a nasal spray [41].

Clinically, the results confirmed significant improvement in SDB, including reduced
nasal obstruction and snoring [40] and decreased AHI scores in mild-to-moderate OSA
cases [42]. Positive impacts on the quality of life of patients and their families have also been
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reported [40]. Additionally, some studies have documented a reduction in the adenoid-to-
nasopharynx ratio [42].

From a safety and tolerability perspective, the adverse events reported were mild
and clinically insignificant. The study by Gudnadottir et al. included various outcome
measures, such as OSA-18, sleep disturbances, caregiver concerns, and quality of life,
reporting a p-value of 0.0014 for the OSA-18 score (considered the most comprehensive
variable) [40].

Hong et al. reported p-values < 0.001 for the nasal obstruction index (NOI), snoring,
and nasal discharge, while the adenoidectomy rate had a p-value of 0.002 [41]. Considering
NOI as the primary endpoint, we assumed an indicative p value of 0.0005 (between 0.0001
and 0.001, representing p < 0.001). Kheirandish-Gozal and Gozal reported p-values of
<0.0001 for oAHI, 0.001 for the arousal index (RAI), 0.004 for Nadir SpO;, and again <0.0001
for the adenoid /nasopharynx (N/P) ratio. Typically, oAHI is the primary endpoint in OSA
studies; hence, a reference value of p = 0.0001 (equivalent to p < 0.0001) was selected for
calculations [42]. For a x? distribution with 6 degrees of freedom, a value of approximately
46.76 corresponds to a p-value of <0.0001, favouring budesonide efficacy compared to
placebo in the considered studies.

The three clinical trials presented in Table 4 investigate the treatment of AH and
related symptoms of SDB using fluticasone [43-45]. Each of these studies follows an RCT
methodology, but differs in design (open-label [43] vs. blinded [44]).

In the study by Esteitie et al., conducted on 24 children aged 2 to 12 years diagnosed
with OSA (AHI > 5/hour), nasal spray fluticasone furoate (55 pg per nostril, once daily) was
administered for only two weeks compared to an untreated control group [43]. Although
prospective, this study was not blinded, introducing potential observer bias. The primary
outcome was evaluating an inflammatory marker (IL-6) in adenoid tissue. Children treated
with steroids showed a significant reduction in IL-6 compared to untreated controls, while
other mediators (IL-10, TGF-3, TNF, etc.) showed no relevant changes [43].

The study by Brouillette et al. is a triple-blind randomised trial involving 25 children
with mild-to-moderate OSA [44]. Treatment consisted of nasal fluticasone at 200 ug/day
for one week, reduced to 100 pg/day for the subsequent five weeks, compared to a placebo.
Results showed a significant reduction in AHI and ODI in the steroid-treated group [44].

Demirhan et al. evaluated the efficacy of fluticasone propionate (400 pg/day) nasal
drops for eight weeks compared to saline solution in 45 children aged 4 to 16 years with
indications for adenoidectomy [45]. The primary objective parameter was the A/C ratio
measured endoscopically and an obstructive symptom index. After eight weeks, the
steroid-treated group showed substantial improvement in the A/C ratio and symptoms,
with three-quarters of patients avoiding surgery compared to 80% progressing to surgery
in the control group.

Overall, methodological quality appears heterogeneous. Sample sizes were mod-
est [43,44], and observation periods were relatively brief [43]. However, the rigorous
triple-blind design of Brouillette’s study lends credibility to its findings [44]. Demirhan’s
study supports the potential utility of intranasal steroids in quickly reducing AH [45].
Esteitie’s conclusions are limited, focusing on local inflammatory markers rather than
long-term clinical effects [43].

Esteitie et al. reported p-values for various inflammatory markers (IL-6, IL-10, etc.),
with the lowest, potentially significant value being p = 0.05 for IL-6. Despite being
marginally significant, this value is chosen as a reference [43]. Brouillette et al. reported
severity indices for OSA with p-values: AHI (p = 0.04), ODI (p = 0.03), arousal index
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(p = 0.05), and desaturation frequency (p = 0.030). As AHI is typically the primary endpoint
in OSA studies, p = 0.04 was selected [44].

Table 4. Clinical studies on the treatment of adenoid hypertrophy and sleep breathing disorder
symptoms with fluticasone.

Reference Design Pop (Age) n In/Ex Tét:’ls' Dur o1 02 Out (Tx) Out (Ctrl) Stat
In: OSAS
(PSG),
scheduled for
A-T, BMI <
Rnd, Child 95th perc., no Fluticasone Other
Esteitie prosp., 212 r's 24 tot recent steroids, ~ furoate 55 Adenoid inflamm. IL-6: 44 IL-6: 133 p=0.05
(2011) open- OS/{ (11vs no pg/nostril 2 tissue markers (137'311) a O—‘67 4) (IL-6); NS
[43] label, (AHI 13) . uncontrolled /day wks 1IL-6 (TL-10, /mL /mL other
parallel- >5/h) asthma vs. reduction TGF-p3, pg pg cytokines
group = Ex: No Tx etc.)
craniofacial
anomalies,
systemic
disorders
In: OSA (AHI
>1/h),
hypertrophic Nasal Fh?_ ODI,]
AH/tonsils, 1O v AHL AHL: AHL
Rnd, Child noacuteinf, ?3;1 ot 107538 109-13.1 =0.04
Brouillette  triple- ) 25 tot no steroids < 3 &/ aay M . i : : P
(2001) blind 1-10 yrs (13 vs wks (st wk), 6 AHI ade- ODI: ODIL: ODI:
’ mild-mod. : . then 100 wks reduction  noid/tonsil 7.0—2.9 5.6—5.4 p=0.03
[44] PC, 12) Ex: severe .
arallel OSA OSA ug/day size, Arousal: Arousal: Arousal:
P craniofa/cial (5 wks) parental 6.1-2.7 4.1-39 p=0.05
anomalies, Vs sympt.
steroid ! Placebo score
allergies
In: AH with
indication for
A_grrfl}(l)mrfc? - Fluticasone Reduction Total syTSr:;lt : Total p <0.05
Lo Prop. . sympt. " . :
Demirhan  Prosp., Child. 45 tot recentus ter91ds, nasal 3 A/(f)r?ho, score, 13'713/—62.'% 14 ;}ér:qtl 65 (sKr/x'g,:))t v
(2010) Rnd, 4-16 yrs (25 vs. no.a ﬁrglgs drops 400 K Obstr: tonsil size, o r o, ’ C: .
[45] PC AH 20) Ex: allergic ug/day wks sympt., otologic 86.9%—56.2% A/C: No
rhinitis, s apnoeas, arame- Surgery 87.2%—85.2%  OR/RR
turbinate Saline snoring p ters avoided Surgery 80% data
hypertrophy, ~76%
chronic
disorders

Legend: AH: Adenoid Hypertrophy; AHI: Apnoea-Hypopnea Index; A-T: Adenotonsillectomy; BMI: Body
Mass Index; desat.: desaturation; IL-6: Interleukin-6; IL-10: Interleukin-10; In/Ex: Inclusion/Exclusion criteria;
inf.: infections; inflamm.: inflammatory; mo: months; NS: not significant; obstr.: obstruction; ODI: Oxygen
Desaturation Index; OR: Odds Ratio; OSA: Obstructive Sleep Apnoea; OSAS: Obstructive Sleep Apnoea Syndrome;
PC: Placebo-Controlled; perc.: percentile; Prop.: Propionate; Prosp.: Prospective; PSG: Polysomnography;
Rnd: Randomised; RR: Relative Risk; SpO,: Oxygen saturation; sympt.: symptoms; TGF-: Transforming Growth
Factor-beta; tot: total; Tx vs. Ctrl: Treatment vs. Control; wks: weeks; yrs: years.

Demirhan et al. reported p < 0.05 for total symptom reduction and A/C ratio improve-
ment without exact values provided. For calculation purposes, a conservative intermediate
value of p = 0.02 was assumed [45]. A x? value of approximately 20.25 with 6 degrees of
freedom corresponds to p ~ 0.002. Thus, Fisher’s combined analysis indicates a significant
overall effect (p < 0.01) favouring fluticasone treatment compared to control.

The two studies mentioned in Table 5 [46,47], while sharing the goal of evaluating the
effectiveness of intranasal flunisolide in reducing AH and related obstructive symptoms,
present differing methodological features.

The study by Ciprandi et al. involved a sample of 178 children aged between
3 and 6 years, divided into a larger group treated with flunisolide (n = 139) and a con-
trol group receiving saline solution (n = 39) [46]. The treatment duration was eight weeks,
with flunisolide dosage based on body weight, specifically 0.5 drops x kg per nostril, twice
daily, administered via an aerosolisation device (Rinowash).
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Table 5. Clinical studies on treating adenoid hypertrophy and sleep-related breathing disorder

symptoms with flunisolide.

. Pop Tx vs. Out
Reference Design (Age) N In/Ex Crl Dur 01 02 Out (Tx) (Ctrl) Stat
In: AH Nasal
: Flu-
GHV v, nisolide AH re-
surgical - AH Nasal ob- .
9 (dose in . duction p <0.02
indica- drops gradere-  struction in 72.6% AH re- (overall
Ciprandi Prosp., Child. 178 tot tion. per duction sympt, (AHIV: d uCth(r)l AH re-
- 3-6 yrs No . (I-1v), potential o in 30.7% ..
(2007) parallel (139 vs. . weight, 8 wks . 41.7% duction);
(mean steroids avoid surgery o . (AHV:
[46] group 39) 2x /day, —8.6%; p<0.04
4.5) <1lyr, no . ade- preven- 15.4%
Ri- . : Surgery o (GIV re-
acute noidec- tion, NS ¢ —12.8%) .
. nowash) avoided duction)
condi- tomy AE in 46 /58
tions < 2 V.S' in 46/58)
wks Sahpe
solution
Nasal Significant
Flu- Maintenance  AH re- p<0.01
In: AH nisolide of AH duction (initial
. [abstract] Child. 178 tot GIII/1v (dose 8 wks + AH reducFlon at 8 wks AH. re-
Varricchio (Possibl ith (endo- nr) 8 - gradere-  (especially (p< duction),
y withAH (group . 6-12mo - . .
(2009) . scopic); wks duction in allergic 0.01), n.d. p<0.05
Prosp. GIII/IV  details follow- . . )
[47] study) (age n.r.) nr) Exclu- vS. u (endo- subjects), main- (mainte-
y genr - sions not Saline, P scopic) need for tained in nance in
specified 12-mo surgery, allergic allergic
follow- NS AE subjects subjects)
up (p <0.05)

Legend: AE: Adverse events; AH: Adenoid Hypertrophy; GIII/IV: Grade III/IV; In/Ex: Inclusion/Exclusion
criteria; mo: months; n.d.: Not determined; n.r.. Not reported; NS: not significant; Prosp.: Prospective;
Rinowash: Nasal irrigation device; tot: total; Tx vs. Ctrl: Treatment vs. Control; wks: weeks; yrs: years.

More than 70% of subjects in the treatment arm showed a significant reduction of
adenoid tissue, compared to approximately 30% in the placebo group. Many children with
grade IV AH improved to lower levels, thus avoiding surgery. However, randomisation
appeared imbalanced, and it was unclear whether a genuine blinding procedure was
applied [46].

The study by Varricchio et al., for which only the abstract is available, refers to a
sample of 178 children with grade Il or IV AH. The duration of flunisolide treatment was
also eight weeks, with a longer follow-up (at 6 and 12 months post-treatment). Reported
data indicate a statistically significant reduction in AH severity by the end of treatment
(p < 0.01) [47]. The maintenance of benefit was more stable in allergic children (p < 0.05).

Each study reported multiple outcomes. We selected p; = 0.02 [46] and p, = 0.01 [47].
For a x? distribution with 4 degrees of freedom, a value of 17.03 corresponds to p < 0.001.
The combination of these p-values derived from the two studies indicates a highly signifi-
cant effect of flunisolide in reducing AH compared to controls [46,47].

Several clinical studies have focused on the treatment of AH and SDB with steroids in
combination with other drugs (Table A2).

One study utilised a double-blind, double-dummy design involving 240 children,
initially divided into two groups: mometasone furoate vs. placebo. Subsequently, non-
responders were assigned to four combination groups with or without oxymetazoline. The
results provide evidence of a significant reduction in the A/C ratio and an improvement in
symptom scores (snoring, nasal congestion, rhinorrhoea) [48]. The efficacy appears to be
enhanced in the presence of the nasal vasoconstrictor.

Another study compared the use of fluticasone spray with a repeated course of
azithromyecin in 39 children with AH and OSA symptoms [49]. Although a placebo group
was lacking, the study design included two randomised active treatments. Overall efficacy
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was similar between the two treatments, with a slight advantage for the fluticasone-treated
group in residual apnoea parameters (p = 0.020) [49]. However, the study had a small
sample size (n = 39) and an open-label design. Therefore, while the data are encouraging,
they should be interpreted cautiously.

Finally, Evangelisti et al. evaluated the effect of combined therapy with oral betametha-
sone and intranasal beclomethasone for one week, compared to intranasal beclomethasone
alone in 28 children with severe OSAS [50]. The results showed significant differences
in the improvement of oxygenation (mean and minimum SpO,) and acute symptoms,
favouring the group receiving systemic steroids [50]. However, the absence of a placebo
group reduces the experimental rigour.

The studies listed in Table 6 focus on the use of montelukast in children with AH
and/or mild-to-moderate OSAS. These studies predominantly follow a randomised,
placebo-controlled methodological design [13,51,52], sometimes with a double-blind ap-
proach [13,14,52,53]. The recruited samples are not always large [14,53], and the follow-up
duration varies from one month [53] to three to four months [13,14,51,52].

Some research focuses on reducing AH and nasal obstruction symptoms [51,52]. Other
studies have conducted polysomnographic assessments: AHI and ODI were decreased
significantly in children treated with montelukast [13,14]. However, in Goldbart et al.’s
study, the reduction in AHI did not reach full statistical significance (p = 0.07) [14], while
the OAI and adenoid size showed significant improvement (p = 0.01). Conversely, in
Kheirandish-Gozal et al.’s study [13], montelukast was associated with a marked reduction
in AHI, with p < 0.0001, along with benefits in tonsillar and adenoidal size [13].

The double-blind, placebo-controlled study by Wang et al., conducted over four weeks,
histopathologically assessed adenoid tissue. The group treated with montelukast showed
reduced inflammatory infiltration. The limitations of these studies mainly lie in the small
sample sizes (treated patients ranged from n = 23 to n = 30) [14,53] and relatively short
follow-up periods (minimum four weeks and maximum three months) [14,52,53].

Naqi et al.’s study included several outcomes (endoscopy, radiography, snoring, mouth
breathing, etc.) with p < 0.0001 [51]. We select p = 0.0001 (endoscopy score or radiography).
Goldbart et al.’s study reported p < 0.001 for the A/N ratio (the lowest) and p < 0.01 for OAI,
while AHI, desaturation, and SaO, showed p > 0.05 [14]. We choose p = 0.001 (A/N ratio).
Kheirandish-Gozal et al.’s study reported p < 0.0001 for AHI and SpO, nadir, p = 0.001 for
ODI3%, etc. [13]. We take the most classical endpoint (AHI) with p = 0.0001. Shokoubhi et al.’s
study reported p < 0.0001 for total symptoms, mouth breathing, and sleep discomfort and p =
0.007 for snoring [52]. We use p = 0.0001 (total symptom score). Wang et al.’s study reported p
= 0.029 (number of germinal centres), p = 0.024 (cystic cavities), and p = 0.040 (inflammatory
infiltration) [53]. We select the lowest value, p = 0.024 (cystic cavities). With 10 degrees of
freedom (2 x 5 studies), a x? value of 76.55 corresponds to a p-value < 0.0001.

The data suggest that, in paediatric settings (AH, OSAS, OME, etc.), the use of mon-
telukast is associated with significant improvements in various parameters compared to
placebo or control treatment.

The studies in Table 7 focus on administering montelukast with mometasone furoate,
compared with using each drug alone or with a placebo. The studies exhibit some hetero-
geneity regarding experimental design, sample size, and the evaluation tools [54-57].

Yang et al.’s study involved 195 children with mild-to-moderate OSAS, who were ran-
domised into three groups: montelukast, mometasone, or a combination of both [54]. The study
shows that after 12 weeks, all treated groups experienced a significant reduction in AHI and an
improvement in minimum SpO,, with the most important benefit observed in the combination
therapy group.
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Table 6. Clinical studies on treating adenoid hypertrophy and sleep-related breathing disorder
symptoms with montelukast.

Tx vs.

Reference  Design  Pop (Age) N In/Ex Ctrl Dur o1 02 Out (Tx) Out (CtrD) Stat
In:
Symptomatic
AH (snoring,
apnoz&:, 4 % 03)001
mou endo,
breathing) + Montelukast Adenoid Improvement Endoscopy  Endoscopy X-ray),
. Child. 60 tot endoscopic ontefukas reduction in snoring, 3.77—237, 3.57—343, p=0.007
(201;5‘1[151] RCT 4-12 yrs (30 vs. /X-ray 5 mgé day 3 mo (en- apnoea, X-ray X-ray (snoring),
AH 30) confirmation Pl b doscopy, mouth 87.23% 81.16 % p < 0.0001
Ex: Obesity, acebo X-ray) breathing —51.33% —77.83% (mouth
acute breathing,
infections, sleep)
prev. A-T,
recent
ster./ATB
In: AHI < 10,
; ’ i p <0.001
Child. habitual |~ Montelukast AHI 0SAS o/ Nratio (A/N
2-10 yrs 46 tot snorng, £ or reduction, symptom ’ o ratio),
Goldbart = 1y 1, - Mild- 23 vs Ex: Obesity,  mg/day 15 1o " denoid improve- AHI N/A p =007
2012) [14] ’ craniofacial 12 wks - p 6.0—3.6, ’
mod 23) size ment (AHI), p <
OSAS anomalies, vs. reduction saturation OAl 0.01
recent Placebo 39-1.7 (OAI)
ster./mont.
In: AHI > 2, Montelukast AHI AHI p <0.0001
no prev. A-T, 9.2—42, 8.2—8.7, (AHI,
Child. 64 tot no recent 4 r<r16g/ Ifiay AHI and Improvement ODI3 ODI3 SpO»),
Kheirandish- DB- 2-10 yrs (28 vs. ster./mont. 5m };d;a OSA in ODI3%, 7228, 7.0—6.8, p=0.001
Gozal RCT- Mild- 29; Ex: Severe >6 gr (12 16 wks severity min. SpO,, Ad. size Ad. size (ODI3),
(2016) [13] PC mod. 57 OSA, chronic = vsts) reduction arousal 24320, 2524,  p<0.001
OSA compl.) conditfionsi vs (PSG) index Sp((j)z Spgz (Ad. size),
craniofacia ; nadir nadir p=0.01
anomalies Placebo 85.2—91.0  84.8—86.1 (arousal)
In: AH > 75%
(endo), nasal
: p <0.0001
obstr. (snoring, ) Symptom . . (total
apnoea, Montelukast Adenoid improve- 76% 3% sympt
Shokouhi DB- Child. 60 tot mouth 5mg/day reduction ment adenoid adenoid rzo pth,
b RCT- 4-12 yrs (30 vs. breathing) vs. 12 wks (endo, (snoring, reduction, reduction, u
QU2 "pe AH>7E%  30) Ex: Prev. AT,  Placebo A/N mouth Sympt. Sympt. biria;h'
ster./mont. < (12 wks) ratio) breathing, 7.7—3.3 7.4—6.7 < (;50’07
4 wks, ge- sleep) (Znor.in )
netic/systemic 8
disorders
In: AH > 50%, Histopathological
no mont. evalua- Germ Germ p=0.029
. Blood .
allergy, no tion of centres: centres: (germ
DB- Child. 20 tot acute lg/[r?\nt/e}iUkaSt adenoids lymp hgi:yte 8.7, 16.5, centres),
Wan 3-8 yrs o infections g/day (germinal count, Cysts: 0.0, Cysts: 0.6, =0.024
g y 8 Y y P
RCT (10 vs. . . vs. 4 wks epithelial
(2023) [53] Mod-sev. Ex: Tonsillar centres, . Inflamm. Inflamm. (cysts),
prosp. 10) Placebo . cysts, in- e e
AH hypertrophy, (4 wks) inflamma- fammation infiltra- infiltra- p=0.040
OME, sinusitis, s tory rade tion: tion: (infiltra-
recent infiltra- 8 11 2.0 tion)
ster./ ATB tion)

Legend: A-T: Adenotonsillectomy; AH: Adenoid Hypertrophy; AHI: Apnoea-Hypopnea Index; A/N ratio:
Adenoid/Nasopharynx ratio; ATB: Antibiotics; compl.: completed; DB: Double-Blind; endo: Endoscopy; germ
centre: Germinal Centre; In/Ex: Inclusion/Exclusion criteria; inflam.: Inflammation; mo: months; mont.:
montelukast; N/A: not available; OAI: Obstructive Apnoea Index; ODI3: Oxygen Desaturation Index (>3%
desaturation); obstr.: Obstruction; OSA: Obstructive Sleep Apnoea; OSAS: Obstructive Sleep Apnoea Syndrome;
PC: Placebo-Controlled; prosp.: Prospective; PSG: Polysomnography; RCT: Randomised Controlled Trial; SpO,:
Oxygen Saturation; sympt.: Symptoms; tot: total; Tx vs. Ctrl: Treatment vs Control; wks: weeks; yrs: years.

In the prospective randomised study by Ras et al., the researchers divided 100 patients
into montelukast plus mometasone and mometasone alone [55]. The study did not include
a placebo group. After three months of treatment and an additional three-month follow-up,
the montelukast-mometasone combination resulted in a more marked reduction in adenoid
volume than nasal steroid treatment alone.

The studies by TuhanitOgLu and Erkan and Ras et al., which assessed AH control through
symptom scores, reported similar findings [55,57]. The combination of montelukast and mometa-
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sone significantly reduced adenoid volume and associated symptoms (snoring, obstruction,
mouth breathing) compared to mometasone alone. TuhaniOgLu and Erkan also included
groups treated with montelukast alone or receiving no treatment. Their findings indicate that
any therapeutic option provides benefits compared to the absence of treatment [56].

Table 7. Clinical studies on treating adenoid hypertrophy and sleep-related breathing disorder
symptoms with montelukast and mometasone.

Tx vs.

Reference Design Pop (Age) n In/Ex Ctrl Dur o1 02 Out (Tx) Out (Ctrl) Stat
AHI:
baseline
6.9—1.61,
Min SaO,:
Montelukast 90.16—94.8, p<0.01
jostr M AHISI0/R,  OmEA fedietion i er(l)ArIi{nL)
Child (65 ~ snoring obstruct o) symptom  0.75-0.50 005
2-8 yré, Mont., 'apnoeas Mometa- dAH¥ ysccl;;es énorin;g: ’ : (miﬁ
Yang RCT Mild- 61 Ex: Prev. A-T, sone 50 12wks ~ eAUCHON (oring,  3.59151 N/A Sa0,,
(2017) [54] 4 M drug allergies, /d 1 min h : (Dat th
3153\3 g;n v craniofacial Hg/day Sa0, yperven: ata mou
anomalies VS. tilation, across 3 br.),
Comb.) severe obesi’ty Comb. restless groups: p <0.05
(Mont. + sleep) Mont. (A/N
Mom.) baseline ratio)
7.25—1.3,
Mom.
baseline
6.1—1.15)
In: A/N ratio > Nasal A/N p=
50%, AH G3/4, Mom. Adenoid A/N ratio: 0.001-0.02
no severe OSAS, (100 volume VAS ratio: 52.8 62.88 i (rhino,
Child 100 tot no recent ug/day) 3 mo + reduction symptom +11.3, 1'2 1 mouth br.,
Ras (2020) Prosp. 3-10 r's (50 vs ster./mont. + Mont. 3 mo (A/N s};orz re- Endoscopic En do'sc’o ic snore,
[55] Rnd AH G}; /4 50) Ex: Chronic (4/5 follow- ratio), en- Curre/nce improve- im, roveri A/N
conditions, mg/day) up doscopic rate ment 68%, mer{)’c 36% ratio,
craniofacial vs. improve- Recurrence Recurrenz,e endosc.,
anomalies, Mom. ment 23.5% 55.5% recur-
allergies alone ’ rence)
In: AH diagnosis Mont. 5 =0.117
(clinical + X-ray), /d : + 72 I . 1
obstruct. mgN a%z . clinica
symptoms asa Clinica Reduced . . score),
Child Ex: Drug Mom. (?P Csicorc'e need for Clinical Clinical p=0.161
Jafari Rnd, 2—141y£s, (9561t3; allergies, ge- /ﬁ//%gy) 2mo rfsnﬂ?ffgn ade- 9.?368.4, S.Zeréeb, ra(tﬁ/)io
(2024) [56] DB, PC AH 45) netic/ n;qromusc. vs. mouth br., noidec- A/Nratio A/Nratio signifi-
conditions, Mom. (50 nasal tomy, 805074 0.80—0.75 cant
recurrent /puff voice) QoL difference
infections, He }; b
ster./ATB /na/day) etween
<2 wks + placebo groups
Airway
clearance:
In: AH > 50%, l\%ﬁaz‘é Mont. 005
obstruct. sympt., . —22.51%, . p<b
no immediate ug/day) Adenoid Symptom Mom, Crl: (vs.
Tuhanioglu Chi 120 tot . G2 Mont. . ymp o —12.46% control);
ild. adenoidectomy size improve- —21.76%, - L
Eaﬂd Rnd, 4-10 yrs, “ Ex: Acute (4//dS 3 mo reduction ment Comb. (ad%ng)ol/d), no SIgTIﬁ-
(2011‘7)?;7] prosp- AH 34 gg;);l(})v)s infections, g?‘?M;}I? (X-ray, en- (scale —21.79%; ;)b.stro dif?:rr;nce
craniofacial + Mont. doscopy) 0-10) Obstr. sym t.) amon
anomalies, ster. G4 No T'X sympt. ympt the 3 Tgx
<3 wks, allergies (Ctrl) —14.77
/—17.03
/—17.54%
Legend: 1: increased; AH: Adenoid Hypertrophy; AHI: Apnoea-Hypopnea Index; A/N ratio: Ade-

noid/Nasopharynx ratio; A-T: Adenotonsillectomy; ATB: Antibiotics; compl.: completed; DB: Double-Blind;
endo: Endoscopy; germ centre: Germinal Centre; In/Ex: Inclusion/Exclusion criteria; inflam.: Inflammation;
mont.: montelukast; Mom.: Mometasone; mo: months; N/A: not available; obstr.: Obstruction; OAI: Obstructive
Apnoea Index; ODI3: Oxygen Desaturation Index (>3% desaturation); OSA: Obstructive Sleep Apnoea; OSAS:
Obstructive Sleep Apnoea Syndrome; PC: Placebo-Controlled; prosp.: Prospective; PSG: Polysomnography; RCT:
Randomised Controlled Trial; SpO,: Oxygen Saturation; sympt.: Symptoms; tot: total; Tx vs. Ctrl: Treatment vs.
Control; wks: weeks; yrs: years.

Most studies propose a treatment duration of at least 8-12 weeks [54-57], sometimes
extending follow-up to six months [55]. In Jafari et al.’s study, the analysis did not detect a
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statistically significant difference between the montelukast + mometasone group and the
mometasone-alone group [56].

Yang et al.’s study reported p < 0.01 (AHI), p < 0.05 (Min SaO,, A/N ratio, mouth
breathing), and p < 0.01 (snoring). We select p = 0.01 [54]. Ras et al.’s study reported
improvements with p = 0.001, p = 0.008, p = 0.019, and up to p < 0.001 for the A/N
ratio [55]. We take the lowest value, p = 0.0001, as a conservative estimate of p < 0.001.
Jafari et al. showed no significant differences between montelukast + mometasone and
Mometasone alone (clinical score: p = 0.117; A/N ratio: p = 0.161) [56]. We select p = 0.117.
TuhaniOgLu and Erkan reported p < 0.05 for all treatments (montelukast, mometasone, and
combination) vs. control [57]. Since they did not provide a precise p-value, we adopt p = 0.05
as a reasonable estimate. For a x? distribution with 10 degrees of freedom, approximately
42.83 corresponds to a p-value far below 0.0001.

From a statistical perspective, the combined results of the five studies strongly suggest
that montelukast, mometasone, or their combination have a significant positive effect
compared to controls. The presence of one study with a non-significant p-value (p = 0.117)
does not invalidate the evidence provided by the other four, which report p < 0.05, some
well below 0.001.

The studies reported in Table A3 differ from the previous ones in several aspects, mak-
ing their inclusion in the study incompatible. Gelardi et al.’s study focuses on saline/iodine
aerosol therapy [58]. In contrast, Tracy’s study (1998) evaluates the role of antibiotics
in combination with beclometasone (or placebo) for the treatment of OME rather than
AH [59].

Hood et al.’s study involves populations with sickle cell anaemia [60], where the
primary endpoint is improving cognitive performance rather than reducing adenoidal
obstruction or OSAS. Sobhy et al.’s study is dedicated to children who have already
undergone adenoidectomy and focuses on the prevention of post-surgical recurrences [33].

The publications by Bilgili et al. lack a proper control group, and their primary focus
is on eustachian tube dysfunction associated with adenoids rather than simple AH or
OSAS [61]. Wang et al.’s study consists of retrospective or descriptive analyses of steroid
use [62].

4. Discussion

The results of the study converge in demonstrating that intranasal steroid therapy
(mometasone, beclometasone, budesonide, fluticasone, flunisolide), whether as monother-
apy or in combination with other drugs, leads to clinical and instrumental improvement in
AH and related symptoms compared to the control population. The safety profile of the
studies is generally reasonable.

An alternative to steroids for paediatric OSA is oral montelukast. Furthermore, com-
bining montelukast and intranasal corticosteroids offers more significant benefits than
treating mild OSA alone. The studies also report mild side effects; however, long-term
studies are lacking to verify the safety of these treatments in paediatric patients. Overall,
the variety of experimental designs and sample sizes suggests a degree of caution in the
clinical interpretation of the results.

Although heterogeneity in study design, population characteristics, and outcome
measures limits definitive conclusions, the available evidence suggests that intranasal
corticosteroids and montelukast are particularly effective in cases of mild-to-moderate
OSA [32]. Similarly, montelukast demonstrated efficacy in studies focusing on mild-to-
moderate cases [13,14,51-53]. Furthermore, combination therapy with mometasone and
montelukast appears particularly beneficial in this subgroup [54,55], although not all trials
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confirmed superiority over monotherapy [56]. In terms of treatment duration, studies
with longer follow-up (>12 weeks) tend to report more substantial clinical and instru-
mental improvements with mometasone therapy [63]. Similarly, positive outcomes were
documented following 12-16 weeks of montelukast treatment [13,52,54,55]. These trends
underscore the potential influence of baseline disease severity and treatment duration on
therapeutic outcomes.

It is essential to highlight the variability in clinical outcomes across the different studies.
In particular, the reduction in adenoidal volume assessed endoscopically or radiologically,
exhibited a variable range. In trials involving mometasone furoate, the A/C ratio decreased
from 80% to 40% over six weeks in one study [36], whereas other studies reported more
modest or non-significant reductions [34]. Similarly, the improvement in the AHI varied
considerably. In patients treated with budesonide, the AHI decreased from 3.7 to 1.3 [42],
while in studies involving montelukast, reductions ranged from 9.2 to 4.2 [13] or were not
statistically significant (e.g., from 6.0 to 3.6; p = 0.07) [14]. In addition, symptom scores
also demonstrated considerable heterogeneity. In one study with mometasone furoate,
the total symptom score decreased from 11 to 3 [30], whereas in other cases, the reduction
was more limited (e.g., from 6.5 to 5.3) [34]. Finally, in some studies, the combination of
mometasone and oral montelukast was associated with a more pronounced improvement
than monotherapy, showing greater reductions in AHI and endoscopic obstruction [54,55].
However, other studies did not observe significant differences [56]. Although a formal
meta-analysis was not performed due to the considerable variability in outcome measures,
treatment durations, and study designs, we have extracted and summarised the effect sizes
from key studies in Figure Al shown in Appendix C.

These findings underscore clinical heterogeneity across studies. Therefore, clinical
interpretation of results requires caution, and further standardised trials are needed to
clarify the actual benefits in different paediatric subpopulations.

Intranasal steroids, treatment duration, and sample size.

The available studies on mometasone furoate have treatment durations ranging from
a few weeks [31,36] to one year of follow-up [33]. Typical findings include a signifi-
cant reduction in endoscopic or radiological obstruction (A/C ratio) [30,36], improve-
ment in polysomnographic and clinical parameters (snoring and apnoea) [30,31,34,36],
and a positive effect on patients” quality of life [35]. Statistical analysis reveals highly
significant results.

Studies on beclometasone [37-39] are generally double-blind but involve small sam-
ples (20-60 children) [38,39]. The treatment duration can extend up to 24 weeks [39]. Two
studies did not report statistically significant differences in AH [37,38], while one showed a
marked reduction [39]. However, the overall statistical analysis result is substantial.

Similar results emerge from studies on budesonide [40-42], with sample sizes ranging
from 60 [40] to 100 subjects [41] and follow-up durations of 6 [40,42] to 14 weeks [41].
These studies confirm improvements in respiratory symptoms [40,41] and a reduction in
AHI [41].

For fluticasone [43—45], a reduction in the A/C ratio [42], a decrease in AHI [44],
and an improvement in local inflammation [43] have been observed. The combination of
p-values highlights a significantly positive overall effect.

For flunisolide [46,47], the results confirm a significant reduction in adenoid vol-
ume [46,47]. The available data indicate robust statistical significance (p < 0.001).
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4.1. Intranasal Steroids and Dosages

The available studies show significant variability in the dosages used for intranasal
corticosteroids in treating paediatric SDB. Mometasone furoate ranges from 40 pg/day [33]
to 200 ng/day [32,34,35], beclometasone from 200 pg/day [37] to 400 ng/day [38], budes-
onide from 64 pg/day [42] to 1 mg/2 mL nebulised [41], fluticasone from 55 pg/day [43]
to 400 pg/day [45], while flunisolide is administered based on body weight or through
unspecified dosing regimens [46,47].

This heterogeneity limits the identification of an optimal therapeutic regimen and
complicates efficacy comparisons between studies [44], particularly given differences in
the study populations (age, severity, comorbidities). Furthermore, chronic use of intranasal
steroids raises safety concerns, especially in young children. High-dose treatments require
long-term monitoring to identify potential adverse effects [45], such as hypothalamic—
pituitary—adrenal axis suppression or reduced growth. Therefore, a personalised thera-
peutic approach may be appropriate, tailored to the patient’s age [34] and clinical severity,
potentially including systemic steroid therapy in more severe cases [50].

Steroids in combination with other drugs (oxymetazoline, azithromycin, betamethasone).

Some studies have explored the use of steroids in combination with other drugs,
such as oxymetazoline (mometasone vs. placebo) [48], azithromycin (comparison between
fluticasone spray and a macrolide) [49], or oral betamethasone combined with intranasal
beclometasone [50]. The addition of a nasal vasoconstrictor (oxymetazoline) or systemic
therapy (betamethasone) is associated with an enhancement of the steroid effect.

Statistical analyses from individual studies confirm a significant advantage compared
to control groups. However, while these studies provide encouraging preliminary data,
methodological limitations—including the absence of placebo groups in two studies and
small sample sizes—necessitate caution in interpreting the results.

4.2. Montelukast

The studies reviewed on montelukast, both as monotherapy [13,14,51-53] and in
combination with mometasone [54-56], collectively present a positive outlook for treating
mild-to-moderate AH and OSAS. Double-blind, placebo-controlled studies [13,51-53] offer
high methodological evidence. However, one study did not demonstrate improvement
across all variables [14]. The effects on specific parameters (e.g., AHI) may vary depending
on the clinical presentation’s initial complexity and severity.

The combination of montelukast and mometasone appears particularly beneficial,
addressing both inflammatory /leukotriene mechanisms and obstructive components. Stud-
ies comparing monotherapy (either montelukast or mometasone) with their combination
typically indicate superior outcomes with the combined therapy [54,55,57]. However, one
study found no significant differences between mometasone monotherapy and combina-
tion treatment [56]. This suggests that synergistic effectiveness may depend on factors
such as treatment duration and AH severity. Additionally, a significant proportion of
the analysed studies involved small to moderate sample sizes [14,53], potentially limiting
statistical power. Furthermore, follow-up durations often did not exceed three to four
months [54-57]. More extended monitoring periods would allow a better assessment of the
long-term clinical benefits.

Figure 2 shows a flowchart that outlines the pharmacologic treatment approach for
paediatric OSA, particularly in cases of mild-to-moderate severity or when surgical inter-
vention is not feasible. It integrates current evidence on using intranasal corticosteroids,
oral montelukast, and their combination. The approach emphasises initial evaluation,
stratified treatment selection, and reassessment after 8—12 weeks.
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Given the reports of neuropsychiatric adverse effects, including agitation, depression,
and suicidal thoughts, the U.S. Food and Drug Administration (FDA; 4 March 2020) has
issued a boxed warning regarding the use of montelukast, particularly in children. Other
regulatory agencies have echoed similar warnings (GOV.UK; 29 April 2024). Therefore,
careful consideration is warranted when prescribing montelukast, with a preference for
alternative therapies when appropriate. If used, close monitoring of neuropsychiatric
symptoms is recommended [64].

Pediatric OSA
(mild-moderate or
surgery controindicated)

Monitoring and
reassessment
(8—12 weeks)

First-line Evaluate symptoms
treatment reduction and AHI

y € Oral \._ Continue/adjust
\montelukst | therapy
Yy or consider surgery

N —

b

Combination with

Monoth ]
| | intranasal _,'
Intranasal corticosteroids
corticosteroids A
\
p f> ~, L
Momciasonéi Other \
L montelukg_f oombmanon
Flunisolide
Mometasone )
Fluticasone
Beclometasone :
Budesonide

Figure 2. Clinical decision-making flowchart for pharmacologic treatment of paediatric OSA.

4.3. Study Limitations

The presence of trials with and without placebo groups and heterogeneous or some-
times absent control groups complicates direct comparisons across studies. Inclusion
criteria were not consistently homogeneous. Some studies targeted children with mild
OSAS, others included more moderate forms, while others focused on AH associated with
diverse clinical scenarios (allergic rhinitis, recurrent otitis media with effusion, etc.). Such
variability complicates the interpretation and practical clinical applicability of the findings.
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To address this heterogeneity, we employed Fisher’s combined probability test. Al-
though this test does not offer quantitative effect estimates such as risk ratios or mean
differences, it indicates the overall statistical significance of the available evidence. How-
ever, a more accurate clinical and quantitative evaluation would require meta-analytic
analyses based on more homogeneous data, standardised outcomes, measurement units,
and known variances. The available literature, however, demonstrates substantial hetero-
geneity among studies in terms of outcome measures and sample sizes, restricting the
possibility of rigorous synthesis.

Another limitation of the current literature is the lack of stratification by OSA severity
and treatment duration. Our review highlights that several studies suggest greater efficacy
in cases of mild-to-moderate OSA and with longer treatment courses. However, these
findings are not consistently reported or statistically stratified, which limits the ability to
draw definitive conclusions regarding optimal treatment regimens and clinical indications.

5. Conclusions

Findings from this review confirm that intranasal corticosteroid therapy, whether as
monotherapy or in combination with other medications, is an effective and safe option for
managing AH and mild-to-moderate OSAS symptoms in children. Oral montelukast is
validated as an alternative therapeutic option, demonstrating particular benefit when com-
bined with intranasal corticosteroids. Nevertheless, variability in trial designs—including
the use or absence of a placebo and the heterogeneity or lack of control groups—complicates
direct comparisons across studies. Future prospective studies on larger scales, with longer
follow-ups and standardised protocols, are essential to evaluate the effectiveness of differ-
ent treatment durations and identify patient subgroups most likely to benefit from specific
therapeutic strategies. Finally, future studies should adopt consistent criteria to classify
OSA severity and evaluate these interventions’ time-dependent efficacy.
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Abbreviations

The following abbreviations are used in this manuscript:

AH Adenoid Hypertrophy

AHI Apnoea-Hypopnea Index
ATH Adenotonsillar Hypertrophy
ADI Oxygen Desaturation Index

A/Nratio Adenoid-to-Nasopharynx ratio
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A/Cratio Adenoid-to-Choana ratio

oAHI Obstructive Apnoea—Hypopnea Index
OME Otitis Media with Effusion

OSA Obstructive Sleep Apnoea

PSQ Paediatric Sleep Questionnaire

PSG Polysomnography

RCS Randomised Controlled Study

RCT Randomised Controlled Trial

SDB Sleep Disordered Breathing
Appendix A

Customised and database-specific search terms (MEDLINE (PubMed), Scopus, and
Web of Science), combining keywords and synonyms.

PUBMED: (“children” OR “child” OR “infants” OR “infant” OR “pediatric” OR
“paediatric”) AND (“sleep disordered breathing” OR “sleep-disordered breathing” OR
“sleep related breathing disorder” OR “SDB” OR “upper airway resistance syndrome”
OR “UARS” OR “obstructive sleep apnea” OR “obstructive sleep apnoea” OR “OSA” OR
“obstructive sleep apnea syndrome” OR “OSAS” OR “sleep apnea syndrome” OR “sleep
apnoea” OR “adenoid hypertrophy” OR “adenoidal hypertrophy” OR “adenoid enlarge-
ment” OR “tonsillar hypertrophy” OR “tonsil hypertrophy” OR “tonsillar enlargement”
OR “snoring” OR “snore”) AND (“corticosteroid” OR “corticosteroids” OR “steroid” OR
“steroids” OR “intranasal corticosteroid” OR “nasal corticosteroid” OR “mometasone” OR
“fluticasone” OR “beclometasone” OR “budesonide” OR “prednisone” OR “prednisolone”
OR “montelukast” OR “leukotriene receptor antagonist”) AND (“Randomised, double-
blind, placebo-controlled” OR “randomised controlled study” OR “randomised controlled
trial” OR “randomised controlled study” OR “randomised controlled trial” OR “RCT” OR
“randomised clinical trial” OR “randomised clinical trial”) NOT review.

SCOPUS: TITLE-ABS-KEY((“children” OR “child” OR “infants” OR “infant” OR
“pediatric” OR “paediatric”)) AND TITLE-ABS-KEY((“sleep disordered breathing” OR
“sleep-disordered breathing” OR “sleep related breathing disorder” OR “SDB” OR “upper
airway resistance syndrome” OR “UARS” OR “obstructive sleep apnea” OR “obstructive
sleep apnoea” OR “OSA” OR “obstructive sleep apnea syndrome” OR “OSAS” OR “sleep
apnea syndrome” OR “sleep apnoea” OR “adenoid hypertrophy” OR “adenoidal hypertro-
phy” OR “adenoid enlargement” OR “tonsillar hypertrophy” OR “tonsil hypertrophy” OR
“tonsillar enlargement” OR “snoring” OR “snore”)) AND TITLE-ABS-KEY/((”corticosteroid”
OR “corticosteroids” OR “steroid” OR “steroids” OR “intranasal corticosteroid” OR “nasal
corticosteroid” OR “mometasone” OR “fluticasone” OR “beclometasone” OR “budesonide”
OR “prednisone” OR “prednisolone” OR “montelukast” OR “leukotriene receptor an-
tagonist”)) AND TITLE-ABS-KEY((“Randomised, double-blind, placebo-controlled” OR
“randomised controlled study” OR “randomised controlled trial” OR “randomised con-
trolled study” OR “randomised controlled trial” OR “RCT” OR “randomised clinical trial”
OR “randomised clinical trial”)) AND NOT (DOCTYPE(review))

WEB-OF-SCIENCE: TS = ((“children” OR “child” OR “infants” OR “infant” OR “pedi-
atric” OR “paediatric”) AND (“sleep disordered breathing” OR “sleep-disordered breath-
ing” OR “sleep related breathing disorder” OR “SDB” OR “upper airway resistance syn-
drome” OR “UARS” OR “obstructive sleep apnea” OR “obstructive sleep apnoea” OR
“OSA” OR “obstructive sleep apnea syndrome” OR “OSAS” OR “sleep apnea syndrome”
OR “sleep apnoea” OR “adenoid hypertrophy” OR “adenoidal hypertrophy” OR “adenoid
enlargement” OR “tonsillar hypertrophy” OR “tonsil hypertrophy” OR “tonsillar enlarge-
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ment” OR “snoring” OR “snore”) AND (“corticosteroid” OR “corticosteroids” OR “steroid”
OR “steroids” OR “intranasal corticosteroid” OR “nasal corticosteroid” OR “mometasone”
OR “fluticasone” OR “beclometasone” OR “budesonide” OR “prednisone” OR “pred-
nisolone” OR “montelukast” OR “leukotriene receptor antagonist”) AND (“Randomised,
double-blind, placebo-controlled” OR “randomised controlled study” OR “randomised
controlled trial” OR “randomised controlled study” OR “randomised controlled trial” OR
“RCT” OR “randomised clinical trial” OR “randomised clinical trial”)) NOT DT = (Review).

Appendix B

Table Al. Procedure (Fisher’s combined probability test) for calculating the combination of probabili-
ties (p-values) in Microsoft Excel for Windows.

A B
p-values LN(p-value)
A2: p-valuel =LN(A2)
A3: p-value2 =LN(A3)
A11: p-valuelO =LN(A11)
SUM: =SUM(B2:B11)
X? = -2 x SUM: =—2x B12
combined p-value: =CHISQ.DIST.RT(B13, 2 x COUNT(A2:A11))

Legend: LN, natural logarithm; LN(A2), natural logarithmic conversion; SUM(B2:B11), sum of logarithms;
(=—2 x B12), Chi-square statistic calculation; 2 x COUNT(A2:A11), degrees of freedom; CHISQ.DIST.RT(B13,
2 x COUNT(A2:A11)), combined p-value calculation.

Table A2. Clinical studies on the treatment of adenoid hypertrophy and sleep-related breathing
disorder symptoms with steroids in combination with other drugs.

Reference Design Pop (Age) N In/Ex Tx vs. Ctrl Dur o1 02 Out (Tx) Out (CtrD) Stat
Stage 1
(6 wks):
In: AH > MES0
75% ug/nostril
rhinoph., / ?ai}égg
Two- 240 tot  sympt. > 12 s A/C Symptom A/C: A/C: p <0.05
stage Child (MF vs. mo, positive @ wk§ on- 6 reduction reduction 87.2—27.3; 85.1—834; (A/C,nasal
Liu (2017) gﬂ ,l 612 : Placebo;  allergy tests ,d ): wks + d/ (conges- Nasal vol. Nasal vol. vol.,
[48] 152? ]§B, AH yrs Stage 2: Ex: Seasonal responders): 8 mcrease tion, 11.2—16.8; 11.1—11.2; TSS,
, DB, + AR R MF + nasal . .
DD 4 rhl.mtlsf Oxymet vs. wks volume snoring, TSS: TSS: conge_stlon,
groups) craniofacial etc.) 16.5—4.8 15.3—14.9 snoring)
5 MEF +
an:er;anies, Placebo vs.
ster./ ATB Placebo +
’ Oxymet vs.
Placebo +
Placebo
Nasal
OISI}X/:I;I; " Fluticasone
@ ngeap ’ 1 Obstr. Obstr.
snofin - puff/nostril 51-100%: 51-100%: Obstr.
39 tot ernasga,lity) x 2/day x1 AH Reduced 70%—40%;  79%—47%; p = 0.004;
Hashemi Prosp. Child. 20 P Ex: ¥y wk, then severity nasal Snoring: Snoring: Snoring
Jazi (2011) Rnd, ! 2-10yrs Flutic. Craniofacial, 1/day x 5 6 reduction, obs'tr., 85%—10%;  95%—+5%; / Mogth
[49] longitudinal AH vs. 19 neuromusc. wks) wks OsA snoring, MOUt.h Moth Breathing p
Azithro) anomalies s ) sympt. mout_h Breathing: Breathing: < 0.001;
recurrent ’ Azithromycin reduction breathing 60%—10%;  68%—5%; Apnoea
infections (12 mg/kg Apnoea: Apnoea: p=0.02
ster./ ATB ’< x 5 days in 10%—5% 15%—0%
4wks cycles x 6
wks)
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Table A2. Cont.

Reference Design Pop (Age) N In/Ex Tx vs. Ctrl Dur o1 02 Out (Tx) Out (CtrD) Stat
In: Severe Oral SCR: SCR:
Oi@iigfgc)f Betametha- 121'\2;:33; 12'1\2/[;1112'3; p = 0.0001
Child. A-T mso/rLe (/Oala Improved SpO;: SpOs: (SCSR’CI)V[ )e an
) 3-10 yrs Ex: Chronic 8/ X8/ day SpO, oDI 95.3-97.0;  95.6—95.5; P2
. .. Unblinded, 28 tot ) x 7 days) . ; ’ ; ! p =0.001
Evangelisti Severe cardiopulm., 7 (mean, reduction,  Min SpO,:  Min SpO;: .
open- (15 vs. . X + Nasal Be- . X (Min Sp0O,),
(2022) [50] OSAS craniofacial, days min.), time < 78.8—89.2; 82.5—77.8;
label (AHI > 13) genetic ~ Clometasone SCR 90%SpO; ODL: ODI: p < 0.0001
10) disorders, N VSI'B reduction 117230, 1235113 (ODI,
ilepsy, asal Be- <90% <90% esaturation
esevere ’ clometasone time: time: <90% time)
obesity alone 17500  1.35-2.0

Legend: A/C: Adenoid/Choana ratio; AHI: Apnoea-Hypopnea Index; AH: Adenoid Hypertrophy; A-T: Ade-
notonsillectomy; ATB: Antibiotics; Azithro: Azithromycin; DB: Double-Blind; DD: Double Dummy; desatur.:
Desaturation; Flutic.: Fluticasone; In/Ex: Inclusion/Exclusion criteria; Mom.: Mometasone; mo: months; Nasal
vol.: Nasal Volume; Obstr.: Obstruction; ODI: Oxygen Desaturation Index; OAI: Obstructive Apnoea Index;
OSA: Obstructive Sleep Apnoea; OSAS: Obstructive Sleep Apnoea Syndrome; PSG: Polysomnography; prosp.:
Prospective; Rnd: Randomised; SCR: Sleep-Related Complaints; SpO,: Oxygen Saturation; sympt.: Symptoms;
TSS: Total Symptom Score; tot: total; Tx vs. Ctrl: Treatment vs. Control; wks: weeks; yrs: years.

Table A3. Clinical studies that were excluded from the review after a comprehensive assessment of
the full manuscript.

Reference Design Pop (Age) N In/Ex TCxt:’lS' Dur o1 02 Out (Tx) Out (Ctrl) Stat
In: AH/sub-
obstr. ®
tonsils, Ae(r 0§al >25%
SDB/OME - d 2wk Hearing reduction: >25% p=0.204
Rnd Child. 4-12 > 6 mo, N0 CIr\? n(ljzle a Ow s_ >25% (>10dB), 44.4%,; reduction: (hypertro-
Gelardi blin de’ dq yrs 45 tot immuno- . d'a )‘; 0 sions&‘.E;S+ hypertrophy tym- Hearing 22.2%; phy),
(2013) ’ AH/sub- (27 vs. 18) suppr. <3 locine, 3-mo reduction panograms,  +5dB; Hearing 0 p=0.018
[58] obstr. . mo sessions clinical- SpO,, Tymp. dB; hearing),
P ymp <
study . . . vs. follow- . . =
tonsils Ex: Cardiac, Placeb. u endoscopic) nasal improve- Tymp. p =0.064
bronch. acebo P cytology ment 5.6% (tymp.)
disorders, (no ) 29.6%
iodine aeroso.
allergy, TB
In: SCA
(HbSS
/HbSR0),
SDB, no
current Primary: 1 Executive Mont. (n Chrl (n = Power
MC, Child. .mont. Montelukast cognitive function, = 100: 100): No 0% for
Hood Ex: Adverse processing Process- X A =8pts
DB, 3-7.99 yrs Expected 4 mg/day cerebral . change; I
(2021) Rnd . mont. 12 wks speed . ing speed ! cognitive;
, with SCA + 200 tot . VS. . perfusion, - A/N ratio & '
[60] CT SDB reactions, Placeb. (secondary: SDB pa- +8 pts; o o =0.025;
develop- acebo AH tp a A/N ratio h s d ITT
mental reduction) rameters 0.81—0.57 change analysis
disorders,
participa-
tion in other
trials
In: OME > 3 @
mo, >3 1) ATB )
AOM (amoxic. (Agfs::fc')' p <001
episodes in /sulf) Middle ear effusion G1/G3: (right
. 6 mo 2) ATB + : . : tymp.
Child. 3-11 61 tot . effusion Ear pain, resolu- Slower
Tracy DB-PC- S (20 vs. 19 Ex: nasal resolution hearin tion, improve- pressure),
(1998) YIS | y Systemic beclom. 12 wks 8 . ’ p p < 0.004
9] Rnd Chronic vs. 20) stor. <6 mo 336 (tympanom- tympanic improved ment, s i
[5 ! , i1 e “catch-up” ymp
OME (3 groups) etry mobility tympanic catch-up
tubes, ug/day / otoscopy) /otosco at 12 wks toms),
beclom. 3) ATB + Py Py p <005
scores (p .
allergy, nasal (effusion)
nasal spray placebo < 005 at
<2 wks 4-8 wks)
In: OME
diagnosis Intranasal Intranasal . Steroids . _
Wang Cross- Child. <18 Data on Ex: Acute steroids Retrosp. steroid ?igacﬁloﬁ; 10.0% St:)e)r;;ds P (_Cg)R(;OZ
(2017) yrs with 1.94 x 10° otitis media, (various) 2005- prescription p . (95% CI i !
sect. (o . appropri- . (95% CI p <0.001
[62] OME visits ATB use, VS. 2012 frequency in 6.3-15.5) . .
recent No use OME ateness OR =358 3.1-3.9) (risk diff.)
surgery
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Table A3. Cont.

Tx vs.

Reference Design Pop (Age) N In/Ex Ctrd Dur o1 02 Out (Tx) Out (Ctrl) Stat
In: Ade-
noidectomy, _
residual Oli 6 3519
symptoms, Mom. Prevention Nasal Nasal p((;bs.tr )
Child. 3-13 no ster. <1 furoate 40 of nasal obstr.: obstr.: OR - 3' 2’1
Sobhy Rnd 1'_5 200 tot yr pg/nostril obstr., QoL, re- 2.31—0.73; 2.33—1.49; _ 0_ 0601
(2013) prosp. P}; ot (100 vs. Ex: /day x 12 12 mo rhinorrhea, surgery Discharge:  Discharge: b 7( d.is-
[33] parallel adenoidectom 100) Epistaxis, wks post-surg. reduction  2.16—0.67; 2.12—1.53; charge)
y immun- vS. snoring Snoring: Snoring: OR *gZ 9’5
odef., Saline recurrence 227—0.79  2.25—1.44 - 60601
enetic p="
g (snore)
/neuromusc.
disorders
In: AH +
nasal OSA-18: .
congestion, 69.56—53.47; OSA-18: O_Slgbloi
93 tot mouth br., Congestion: 67.43—58.50; 14 6 én— 4
(31 AAT snoring, AAT vs. 1mo + Improvement 1.63—0.50;  Congestion: mguth
Zhao Pr Child. 2-9 0 . high Xiaoxian 6-m. in QoL, re- Mouth br.:  1.67—0.57; ~0.006
(2023) osP- yrs L OSA-18 + AAT vs ° congestion, currence 1.56—0.47;  Snoring: Pz
Rnd CT Xiaoxian follow- Snore
[65] AH + AAT. 30 Ex: Prev. Mont. 4-5 u mouth br., rate Snoring: 1.87—1.0; Z0.008
! adenoidec- mg/day P snoring 1.88—0.38; Sec. p=2
Montel.) Sec
: tomy, Sec. sympt.: svm. . "
polyps, sympt:  287-132 I
septal dev., 3.0—0.72 p=0u
recent ster.
In: AH,
ETD,
snoring,
mouth br., Azelastine A/C
Child. 4-14 no prev. + Flutic. recﬁl/cgon OME res- 82—37%, rz; /Oé))l
Bilgili Prosp. yrs surgery dipr. 3mo (endo- olution, ETS-7: N/A —0 00’1
(2023b) Rnd ET 100 tot Ex: Acute 2x /day ’ . nasal 6.36—9.72, p=
. . No Ctrl scopic), (no ctrl) (ETS-7,
[61] longit. dysfunction nas./otol. (548 ug + symp- OME .
. . ETS-7, tubo- adenoid
+AH infections, 200 pg to- manometr toms resolved volume)
craniofacial tal/day) anometry 66% olme
disorders,
recent
ster./ ATB
In: AH>6 Azelastine+ A/C:
mo, no ster. Flutic. A/C 3.57—1.74,
<4 wks, no (MP- reduction, Total p <0.01-
Bilgili Prosp. Child. 4-13 aller- AzeFlu) symptom Need for sympt.: <0.001
(2023a) Rnd yrs I\?S 821 gies/atopy 2x /day 12\;1 Vg:l' improve- surgery, 15.63—2.31, (nN/ 21) (A/C, all
[66] longit. AH © Ex: Prev. (548 ng ° ment (obstr., QoL Snoring: o¢ symp-
surgery, azel. + snoring, 2.82—0.62, toms)
craniofacial 200 pg apnoea, etc.) Apnoea:
disorders flutic.) 2.52—0.22

Legend: 1: increased; A/C ratio: Adenoid/Choana ratio; AH: Adenoid Hypertrophy; ATB: Antibiotics; Azel.:
Azelastine; CI: Confidence Interval; Cross-sect.: Cross-Sectional; CT: Controlled Trial; DB: Double-Blind; A: Delta
(Change); Endosc.: Endoscopy; ETD: Eustachian Tube Dysfunction; ETS-7: Eustachian Tube Score-7; Flutic.:
Fluticasone; Immunsoppr.: Inmunosuppression; In/Ex: Inclusion/Exclusion criteria; Longit.: Longitudinal; MC:
Multi-Centre; Mom.: Mometasone; Mont.: Montelukast; MP-AzeFlu: Combination of Azelastine + Fluticasone;
NaCl: Sodium Chloride (Saline); N/A: not available; NS: not significant; O1: Primary Outcome; O2: Secondary
Outcome; OME: Otitis Media with Effusion; OR: Odds Ratio; OSA: Obstructive Sleep Apnoea; OSA-18: Paediatric
Sleep Questionnaire for OSA; p: p-value (statistical significance); PC: Placebo-Controlled; Prosp.: Prospective;
QoL: Quality of Life; Rnd: Randomised; RR: Relative Risk; SDB: Sleep-Disordered Breathing; Ster.: Steroids;
tot: Total; TSS: Total Symptom Score; Tx vs. Ctrl: Treatment vs. Control; Tymp.: Tympanometry; VAS: Visual
Analogue Scale; wks: Weeks; yrs: Years.

Appendix C

The descriptive forest plot illustrates the effect of intranasal corticosteroids and/or
oral montelukast in paediatric patients with OSA or AH. As reported in individual studies,
the horizontal bars represent the magnitude and direction of change in selected clinical
outcomes (e.g., AHI, A/C, symptom scores). Negative values indicate improvement (i.e.,
reduction from baseline or compared to control).
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