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Simple Summary: Poor adherence to trametinib, an oral anticancer drug, may be the consequence
of side effects that severely impact the patient’s quality of life. The significant interindividual
variability associated with poor adherence results in suboptimal drug exposure and consequently
in unfavourable patient outcomes. By characterizing the pharmacokinetics of trametinib, this study
aims to assess (i) the adequacy of recommended doses to achieve efficacy thresholds and (ii) the
impact of non-adherence on drug exposure. The latter was assessed by simulating different scenarios
of missing one or more doses per week to highlight the risk of treatment failure associated with poor
adherence. These results promote interprofessional collaboration and patient partnership to address
patients’ needs in order to ensure adherence to trametinib and in fine therapeutic success.

Abstract: Trametinib is a targeted therapy used for the treatment of solid tumours, with significant
variability reported in real-life studies. This variability increases the risk of suboptimal exposure,
which can lead to treatment failure or increased toxicity. Using model-based simulation, this study
aims to characterize and investigate the pharmacokinetics and the adequacy of the currently recom-
mended doses of trametinib. Additionally, the simulation of various suboptimal adherence scenarios
allowed for an assessment of the impact of patients’ drug adherence on the treatment outcome. The
population data collected in 33 adult patients, providing 113 plasmatic trametinib concentrations,
were best described by a two-compartment model with linear absorption and elimination. The study
also identified a significant positive effect of fat-free mass and a negative effect of age on clearance,
explaining 66% and 21% of the initial associated variability, respectively. Simulations showed that
a maximum dose of 2 mg daily achieved the therapeutic target in 36% of male patients compared
to 72% of female patients. A dose of 1.5 mg per day in patients over 65 years of age achieved
similar rates, with 44% and 79% for male and female patients, respectively, reaching the therapeutic
target. Poor adherence leads to a significant drop in concentrations and a high risk of subtherapeutic
drug levels. These results underline the importance of interprofessional collaboration and patient
partnership along the patient’s journey to address patients’ needs regarding trametinib and support
medication adherence.
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1. Introduction

Cancer remains a significant worldwide health issue, with an estimated 20 million new
cases reported in 2022 [1]. The incidence of cancer has risen in recent years, primarily due to
factors such as an aging population and increased exposure to specific risk factors, including
smoking and obesity [2]. Despite the rise in the number of cases, advances in oncological
treatments and early screening and detection have significantly improved survival rates
and reduced cancer-related mortality [3–5]. An important development in this field is the
introduction of oral anticancer medications that have reduced the burden of treatment [6,7].
Patients have increased autonomy in managing their medication, enabling them to receive
treatment in the comfort of their own environment and to reduce the need for hospital
visits [8]. Oral therapies also offer greater flexibility [9]. Targeted therapies, a common form
of treatment, work by inhibiting the signalling pathways responsible for the development of
cancer cells [10]. Compared to chemotherapy, these therapies have fewer adverse effects on
normal cells and target cancer cells more efficiently. However, a number of disadvantages
associated with oral administration have been identified, such as variations in absorption
due to administration with meals or at irregular times, and the risk of interactions with other
medications [6,8,11,12]. The variability in adherence to treatment is also a major concern, as
46% to 100% of patients take their medications as prescribed [13]. There are several reasons
for nonadherence, including side effects, daily administration that can be difficult to fit into
a patient’s schedule, the conditions of the intake (e.g., fasting conditions), and the length of
the treatment, which can lead to patient fatigue and invisible results [14]. The outpatient
care reduces contact with healthcare professionals, and there may be less opportunity for
patients to report their concerns regarding their medications, which sometimes results in
patients temporarily discontinuing their treatments without informing their prescribers.
Such undesired interruptions contribute to treatment failure [15]. An approach to optimize
patient medication adherence may be their inclusion into a tailored medication adherence
program associated with therapeutic drug monitoring (TDM). The TDM allows for last dose
intake to be monitored by checking plasma concentrations, but can also adjust individual
doses by managing variability to optimize efficacy and reduce side effects [16]. This tailored
approach was the main objective of the Optimizing oral Targeted Anticancer Therapies
(OpTAT), ClinicalTrials.gov: NCT04484064 study, conducted in collaboration between
the University hospital of Lausanne and the Centre of Primary Care and Public Health
(Unisanté) in Lausanne [17].

Numerous tyrosine kinase inhibitors (TKIs) have been developed in recent years, and
further studies are needed to optimize clinical recommendations, which often advocate sin-
gle doses despite significant pharmacokinetic (PK) variability [7,18]. This study will focus
on trametinib, which is widely used in clinical practice for the treatment of melanoma, for
which a PK–efficacy relationship has been observed [18]. Trametinib is a targeted therapy
for the treatment of solid tumours in patients with the V600 mutation in the BRAF gene,
which encodes a serine/threonine protein kinase that leads to the activation of the mitogen-
activated protein kinase/extracellular-regulated kinase (MAPK/ERK) signalling pathway
(see Figure 1) [19]. This mutation stimulates uncontrolled cell proliferation and promotes
the development of cancer cells. Trametinib is a reversible, selective, allosteric inhibitor of
mitogen-activated protein kinases (MEK) 1 and 2 activation, which blocks the activation of
the ERK signalling pathway, thus preventing cancer cell proliferation [19,20]. The use of
trametinib as a monotherapy or in combination with dabrafenib, another BRAF-targeted
inhibitor, improves progression-free survival compared to treatment with chemotherapy
or other oral anticancer agents [21–27]. The combination of dabrafenib and trametinib is
used as a first-line treatment in BRAF-mutant non-small cell lung cancer and as a first-
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or second-line treatment in BRAF-mutant melanoma [28–31]. A recent meta-analysis
comparing the side effects of three BRAF/MEK inhibitors (Dabrafenib/Trametinib, Vemu-
rafenib/Cobimetinib, and Encorafenib/Binimetinib) revealed similar toxicity, suggesting
that therapy should be selected based on patient history to avoid specific side effects in
patients already suffering from chronic diseases affecting the same organs (e.g., rheuma-
tological pathologies, hepatopathy, liver dysfunctions, cardiovascular diseases) [32]. Cur-
rently, it is administered at a daily dose of 2 mg [33,34]. The drug is rapidly absorbed,
with a 72% bioavailability, and maximum concentration is reached approximately 1.5 h
after administration [33,35]. Its metabolism occurs primarily through deacetylation, with
or without monooxygenation, and it is not a substrate of cytochrome P (CYP) enzymes,
lowering the risk of drug–drug interactions [33]. The drug’s terminal half-life is around
127 h, and only 19% is excreted in the urine [33]. Significant variability in PK has been
observed in real life studies and can be caused by factors such as bodyweight, age, and
food intake [36–38]. This variability increases the risk of suboptimal exposure resulting in
treatment failure or in an increased toxicity. Trametinib can cause various adverse effects,
such as fever, diarrhoea, fatigue, and nausea, sometimes leading to a pause in treatment
for a few days [39]. Meanwhile, these adverse effects increase the risk of treatment dis-
continuation. This poor adherence could have a considerable impact on the efficacy of
trametinib, leading to a decrease in plasma concentrations, potentially bringing them below
the efficacy threshold defined for this drug [18].
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Figure 1. Summary of trametinib characteristics [18–20,33–35,40]. Cmin: minimal concentration; PK-
PD: pharmacokinetic–pharmacodynamic; RTK: receptor tyrosine kinase; MEK: mitogen-activated pro-
tein kinase; ERK: extracellular regulated kinases. Figure created with permission from Biorender.com.

The aim of this study was to characterize the PK of trametinib and to investigate the
influence of demographic and clinical factors on its exposure using real-life data from adults
with solid cancer. Model-based simulations were performed to investigate the adequacy of
doses currently used in practice in achieving the efficacy threshold and to assess the impact
of poor adherence on drug exposure.
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2. Materials and Methods
2.1. Data

Data were collected during the OpTAT study [17]. Patients included adults receiving
trametinib for the treatment of their solid tumour (e.g., melanoma, ovarian cancer, breast
cancer). Blood samples were collected from patients during their regular medical visits, with
a maximum of eight samples taken per patient. To better characterize the PK profile, two pa-
tients consented to provide extensive samples, with eight concentrations measured between
0 and 24 h after drug intake. Trametinib plasma levels’ quantification was performed using
liquid chromatography coupled with tandem mass spectrometry using an adaptation of
the multiplex method developed at the Lausanne University Hospital [41]. The lower limit
of quantification and detection for trametinib was 1 and 0.5 ng/mL, respectively.

The effective dose history was integrated into the database for 11 patients, who used
a digital bulk pillbox (MEMS and MEMS AS, AARDEX Group) to monitor the date and
the time of each opening of the trametinib bottle; these data were cross-checked with
information from the adherence interviews reports and the case report forms (“The full
adherence information group”) [14]. The digital monitor allowed us to provide accurate
information on treatment implementation (i.e., the extent to which the patient’s dosing
history is in line with the prescription—the correct dosing regimen, at the correct time and
in the right condition) and temporary or long-term discontinuation of treatment (i.e., when
the patient stops taking the treatment prematurely) [42]. For the remaining patients, dosing
history was reconstructed based on information from the medical consultation notes,
assuming steady-state condition if no information was available. Patient demographic
and clinical data were extracted from medical records. For all clinical and laboratory data
(e.g., body weight, hepatic or renal function), the closest measurement to the blood sample
was used. If no measurement was taken within 10 days before or after the sample, then
it was considered a missing value. Creatinine clearance (CrCL) was estimated using the
Cockcroft–Gault formula [43]. Fat-free mass (FFM) was calculated using the following
formula [44]:

FFM(kg) = BW ×
(

1 − BFPbmi
100

)
(1)

with BW denoting bodyweight in kg and BFPbmi denoting body fat percentage, calculated
using the following formula:

BFPbmi(%) = 1.20 × BMI + 0.23 × AGE − 10.8 × SEX − 5.4 (2)

with BMI representing body mass index, in kg/m2. SEX = 0 if women and 1 if men and
AGE is provided in years.

2.2. Modelling and Simulations Analyses

The development of the population pharmacokinetic (popPK) model was performed
using nonlinear mixed-effect modelling (Nonmem, ICON, Dublin, Ireland, version 7.4.3)
and Pearl speaks Nonmem (PsN, version 4.8.0). Pirana (Certara, Radnor, PA, USA, ver-
sion 2.9.6) was used for the management of runs, R (version 4.0.2), for graphical and
statistical analyses.

2.2.1. Model Building

A classical stepwise procedure was used to build the model. The base model was
obtained by comparing the number of compartments, assuming linearity in both trametinib
absorption and elimination. Inter-individual variability (IIV) was successively incorporated
into each PK parameter. Different error models, including additive, proportional, and
combined error models, were also assessed. Different values retrieved from the literature of
absorption rate constants (ka), ranging from 0.4 to 2 h−1, were evaluated due to insufficient
data being collected during the absorption phase [37,38]. For each patient, the time required
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to reach maximum concentration (Tmax) was estimated. Ka was chosen to provide a Tmax
near the reference value of 1.5 h provided by the FDA [40].

Biologically relevant covariates were introduced into the model through a for-
ward/backward insertion/deletion method. Covariates tested were sex, body weight,
body mass index (BMI), body surface area (BSA), age, FFM, CrCL, urea, total bilirubin,
alkaline phosphatase (PAL), aspartate aminotransferase (ASAT), alanine aminotransferase
(ALAT), concomitant administration of dabrafenib, and food intake. Initially, a univariate
analysis was conducted, during which covariates were added one by one to the model.
Continuous covariates were centred and normalized to the population median and were
added to the model using either linear or allometric relationships, while categorical covari-
ates followed a linear relationship. Missing values were assigned the population median.
Subsequently, a multivariate analysis was performed of the identified significant covariates
to develop the comprehensive model. Finally, a reductive analysis was performed to retain
only the most significant covariates.

2.2.2. Sensibility Analysis

The assumption of steady state for patients without adherence information may have
biased the analysis by interpreting low levels as high clearances resulting from missed doses
rather than from a covariate effect. To verify this, a sensitivity analysis was conducted
of the 11 patients with full adherence information. We assumed that if the significant
covariate–parameter relationship persisted, its influence on the pharmacokinetic parameter
would be confirmed, whereas, if not, this influence might have been confounded by other
factors, including suboptimal adherence.

2.2.3. Model Selection

Model selection was based on the difference in objective function values (∆OFV)
between the two nested models, which approximately follows a χ2 distribution. Therefore,
a decrease of less than 3.84 (p < 0.05) was required to select the base model and to retain
a covariate in the univariate analysis, and a decrease of less than 6.63 (p < 0.01) was
required for the reductive analysis. The adequacy of the model’s fit to the data was assessed
graphically using goodness-of-fit plots and by checking the relative standard error (RSE) of
the parameter estimates.

2.2.4. Model Validation

An internal validation of the final model was performed using the bootstrap method
implemented in PsN [45]. Median parameters values with their 95% predictive interval
were derived from 2000 replicates of the initial dataset and compared with the original
estimates. A prediction-corrected visual predictive check (pcVPC) was also performed
using PsN by running 1000 simulations based on the final PK estimates to calculate the
median, 5th, and 95th percentiles of the concentration–time profiles [45,46].

2.2.5. Simulations

Simulations based on the final model were performed to verify whether the currently
prescribed doses enable the achievement of the therapeutic target, i.e., a minimum con-
centration (Cmin) greater than or equal to 10.6 ng/mL [18,47,48]. For this, a population
of 4000 virtual patients was created, with 1000 patients per sex (male, female) and age
category, based on the standard cut-off used to define the older population (<65 years
or ≥65 years). The age of each virtual patient was randomly generated from a uniform
distribution whose limits depended on the patient’s category, while the fat-free mass was
generated from a sex-dependent uniform distribution, whose ranges corresponded to the
10 and 90 percentiles reported in the paper of Larsson et al. [49]. Tested doses ranged from
0.5 to 2 mg, corresponding to the doses used in clinical practice. The comparison of drug
exposure between the different dosages was achieved by calculating the percentage of
patients reaching the therapeutic target.
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Simulations based on the same virtual population were conducted to observe the
impact of non-adherence on concentration–time profiles. Several scenarios were tested with
a dose of 2 mg every 24 h, including missing only a single dose, missing one or two random
doses per week during several weeks, missing two consecutive doses per week, and
interrupting treatment for one week and then taking the treatment for two weeks. Each
scenario took place at treatment initiation to simulate patients who have difficulty adhering
to the trametinib from the beginning, and at steady state to simulate cases where patients
start treatment correctly and then become non-adherent, for example, due to treatment
fatigue or adverse effects. The single-missed-dose scenario was only evaluated at steady
state because skipping doses early in treatment leads to greater uncertainty in drug PK
prediction, which further complicates scenarios. The concentration profiles obtained after
one or more missed doses were compared with the optimal adherence profile, i.e., without
any missed doses.

All simulations were repeated 100 times to obtain a 95% confidence interval for the
percentage of patients reaching the target.

3. Results
3.1. Population Studied

A total of 113 plasma concentrations from 33 adult patients were available for this
analysis. The median (min, max) number of samples per patient was three (1, 11), collected
5 h (0.13 h, 202 h) after drug intake. The administered doses ranged from 0.5 to 2 mg daily.
Of the 33 patients included in this analysis, 7 (21%) were taking trametinib as monotherapy
and 22 (67%) in combination with dabrafenib. Table 1 summarizes the demographic and
clinical characteristics of the study population.

Table 1. Summary of patients’ characteristics.

Characteristics n (%) or Median (min, max) Missing Data (%)

Women 1 15 (45%) -
Age [y] 2 63 (30, 85) -
Body weight [kg] 2 70 (45, 96) -
Size [cm] 2 170 (150, 188) 4
BMI [kg/m2] 2 25.3 (17.3, 33.8) 4
BSA [m2] 2 1.78 (1.40, 2.23) 4
FFM [kg] 2 46.35 (32, 68) 4
FFMI [kg/m2] 2 16.37 (12.96, 19.34) 4
Serum creatinine [µmol/L] 2 76 (46, 129) 2
CrCL [mL/min/1.73 m2] 2 84 (42, 164) 2
ASAT [U/L] 2 30 (12, 211) 1
ALAT [U/L] 2 26 (8, 152) -
PAL [U/L] 2 91 (49, 873) 2
Total bilirubin [µmol/L] 2 5 (3, 12) 1
Type of cancer 1

Melanoma 22 (67%) -
Ovarian cancer 3 (9%) -
Breast cancer 2 (6%) -
Cholangiocarcinoma 2 (6%) -
Thyroid carcinoma 1 (3%) -
Gastrointestinal stromal tumour 1 (3%) -
Hepatocellular carcinoma 1 (3%) -
Ileocecal carcinoma 1 (3%) -

Values are given according to the number of patients 1 or at the time of samples 2. BMI: body mass index, BSA:
body surface area, FFM: fat-free mass, FFMI: fat-free mass index, CrCL: creatinine clearance, ASAT: aspartate
aminotransferase, ALAT: alanine aminotransferase, PAL: alkaline phosphatase.
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3.2. PopPK Model

A two-compartment model with linear absorption and elimination was found to best
characterize the data, as the inclusion of a second compartment resulted in a significant fit
improvement compared with a single-compartment model (∆OFV = −14.41, p < 0.05). ka
was set to a literature value of 0.913 h−1 and provided a median (min, max) Tmax of 1.75 h
(1.51 h, 1.84 h) [38]. Introducing inter-individual variability (IIV CV%) to clearance (CL)
significantly enhanced the model fit (∆OFV = −140, p < 0.01), unlike the addition of IIV
to the other PK parameters, which was estimated to be close to 0 (∆OFV > −3.4, p > 0.05).
The proportional error model was retained to characterize the residual error. The estimated
parameters of the base model with IIV were a CL of 4.2 L/h (45%), a central volume (V2) of
102 L, an intercompartmental clearance (Q) of 35.1 L/h, and a peripheral volume (V3) of
338 L.

In the univariate analysis of covariates on CL, a significant association was observed
with sex (∆OFV = −12.51, p < 0.01), age (∆OFV = −10.33, p < 0.01), BSA (∆OFV = −7.13,
p < 0.01), FFM (∆OFV = −22.49, p < 0.01), CrCL, (∆OFV = −11.15, p < 0.01), and the co-
administration of dabrafenib (∆OFV = −7.23, p < 0.01). The other tested covariates did not
have a significant effect on CL (∆OFV >−3.40, p > 0.05). In multivariate analysis, the effect
of sex in addition to FFM on CL disappeared (∆OFV > −3.40, p > 0.05), but the inclusion of
age along with FFM resulted in a significant improvement in the model (∆OFV = −9.20,
p < 0.01). Likewise, the addition of co-medication with dabrafenib to FFM and age was
deemed more suitable (∆OFV = −9.00, p < 0.01). However, a sensitivity analysis performed
on patients while monitoring their adherence revealed that the influence of dabrafenib
intake on CL was no longer significant. As a result, this covariate was excluded from
the final model. The effects of FFM and age remained significant in this subpopulation
and were therefore retained in the final model. A positive relationship between CL and
FFM was observed, resulting in a 66% increase in CL for an FFM of 68 kg, which was the
maximum value observed in this study, compared with the population median of 46.35 kg.
In contrast, an increase in age resulted in a decrease in CL, with a CL of 5.39 mL/h for a
30-year-old patient versus 3.22 mL/h for an 80-year-old patient (40% decrease). FFM and
age explained 66% and 21% of the CL variability, respectively.

The final model estimations are detailed in Table 2. The internal validation via boot-
strap highlighted the good precision of the model parameter estimates, as they remained
within the bootstrap 95% PI and differed by less than 15% from the median parameters
obtained with the bootstrap analysis (Table 2). The pcVPC supported the good predic-
tive performances of the model (Figure 2). The goodness-of-fit plot for the final model is
presented in Appendix A.

Table 2. Final model parameters with their bootstrap evaluations.

PK Parameter Final Model
Estimation (RSE %)

Bootstrap Performed on 2000 Runs
Median (95% PI)

ka(h−1) 0.913 fixed -
θCL (L·h−1) 3.96 (6) 3.98 (3.52, 4.45)
θAGE −0.69 (32) −0.66 (−1.25 to −0.20)
θFFM 1.41 (17) 1.41 (0.92, 1.90)
V2 (L) 108 (16) 101.84 (65.42, 143.40)
Q (L·h−1) 29.4 (30) 28.83 (12.69, 60.68)
V3 (L) 286 (25) 286.48 (104.63, 385.40)
IIVCL (%) 23 (14) 22 (13, 28)
σprop (%) 20 (10) 20 (16, 24)

Final equation: CL = θCL ×
(

1 + θAGE × AGE−AGEmedian
AGEmedian

)
×

(
1 + θFFM × FFM−FFMmedian

FFMmedian

)
.θCL: typical clearance;

V2: typical volume of distribution; Q: typical intercompartmental clearance; V3: peripheral volume of distribution;
ka: absorption rate constant; θAGE: effect of age on CL (AGEmedian = 63 years); θFFM: effect of fat-free mass on CL
(FFMmedian = 46.35 kg); IIVCL: inter-individual variability of CL, expressed as CV (%); σprop: proportional residual
error, expressed as CV (%); 95% PI: percentile interval between 2.5% and 97.5%; RSE: standard relative error.
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Figure 2. Prediction corrected visual predictive check (pcVPC) of the final model. Points collected
after 35 h were excluded from the graph. Points represent the prediction-corrected observed con-
centrations, while the lines represent the corresponding median (solid line) and the 95% prediction
interval (dashed lines). Coloured areas are the 95% confidence intervals of the model-predicted
median (dark grey) and the 2.5% and 97.5% percentiles (light grey).

3.3. Simulations

Figure 3 presents the results of the 100 model-based simulations performed on
4000 patients, with 1000 patients per age group (<65 years or ≥65 years) and sex.
Table 3 summarizes the percentage of patients below or within the therapeutic target,
i.e., Cmin ≥ 10.6 ng/mL. These results show that men generally have lower concentrations
than women and require higher doses to be within the therapeutic target. For older patients,
a lower dose was found to be sufficient to reach the therapeutic target.

Table 3. Percentage of patients below or within the therapeutic target (i.e., 10.6 ng/mL) for each dose
tested. The median and 95% confidence interval obtained after 100 replications of the simulations
are shown.

Doses Tested 0.5 mg 1 mg 1.5 mg 2 mg

Age: 30–65 years

Women
Cmin < 10.6 ng/mL 100% [99.5%, 100%] 84% [82.1%, 87.2%] 53% [50.7%, 55.7%] 29% [26.2%, 41.5%]
Cmin ≥ 10.6 ng/mL 0% [0, 0.5%] 16% [12.8%, 17.9%] 47% [44.3%, 49.3%] 71% [68.5%, 73.8%]

Men
Cmin < 10.6 ng/mL 100% [99.9%, 100%] 99% [98.3%, 99.8%] 87% [84.8%, 89.4%] 63% [59.3%, 66%]
Cmin ≥ 10.6 ng/mL 0% [0%, 0.1%] 1% [0.2%, 1.7%] 13% [10.6%, 15.2%] 37% [34%, 40.7%]

Age: 65–85 years

Women
Cmin < 10.6 ng/mL 98% [96.4%, 98.6%] 55% [51.7%, 58.3%] 21% [18.8%, 23.6%] 7% [4.8%, 8.1%]
Cmin ≥ 10.6 ng/mL 2% [1.4%, 3.8%] 45% [41.7%, 48.3%] 79% [76.4%, 81.2%] 93% [91.9%, 95.2%]

Men
Cmin < 10.6 ng/mL 100% [99.8%, 100%] 90% [87.3%, 92.1%] 54% [49.6%, 57.5%] 25% [22.4%, 26.8%]
Cmin ≥ 10.6 ng/mL 0% [0%, 0.2%] 10% [7.9%, 12.7%] 46% [42.5%, 49.4%] 75% [73.2%, 77.6%]

Figure 4 shows the impact of poor adherence on drug exposure for a standard steady-
state dose of 2 mg. Among the 69% of patients above the therapeutic target, regardless of
age and sex, 31% required a median (min, max) of 3 (1, 36) days to return to concentrations
above the therapeutic threshold after missing a single dose. There was no impact at all on
achieving the therapeutic target in the remainder of 69%. With more frequent omissions,
between once and twice a week, it is more difficult to recover steady-state concentrations,
as the time between missed doses is too short compared to the required recovery time,
leading to an increased risk of underdosing, with, for example, only 44% of women
under 65 remaining within the therapeutic target, compared to 71% in the case of optimal
adherence. After two weeks of treatment followed by a one-week break, the percentage of
patients in the target range decreased significantly, especially among men under 65, with
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0% of these patients remaining in the target range after three days of treatment break. The
simulation results at treatment initiation are presented in Appendix B.
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Figure 4. Percentage of patients reaching the therapeutic target before every drug intake (each
24 h) at steady-state (assumed here after 60 days, representing 2 months of treatment). The points
correspond to the median percentage of patients within the therapeutic target at each residual
time (i.e., Cmin ≥ 10.6 ng/mL), and the coloured areas represent the min/max range obtained after
100 repetitions. The black line and squares correspond to the optimal implementation (adherence) of
the drug. The orange line and crosses represent a single missed dose. The green line and solid triangles
represent one randomly missed dose per week. The blue line and stars represent two randomly
missed doses per week. The pink line and dots represent two consecutive missed doses per week.
The purple line and inverted triangles represent treatment taken over two weeks followed by a
one-week break.

4. Discussion

This study characterizes the pharmacokinetics of trametinib in an adult cancer popula-
tion, based on real-life data and using a population pharmacokinetic approach.

A two-compartment model best described the data, in line with the two previously
published models of Balakirouchenane et al. and Ouellet et al. [37,38]. Due to the absence
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of data immediately after trametinib intake, ka could not be correctly estimated and was
therefore fixed to a previously proposed value. [38]. This value yielded a median Tmax
of 1.7 h, similar to the value of 1.5 h reported by the manufacturer [40]. The estimated
clearances among the three popPK models were comparable, with a CL of 3.96 L/h in the
current study, and 5.83 L/h and 4.91 L/h in the previous ones [37,38]. However, significant
discrepancies in the central and peripheral volumes of distribution of the three models
can be noted, even if all indicated an important distribution of trametinib. The present
analysis allowed for the estimation of a central and peripheral volume of distributions of
108 L and 286 L, respectively, versus the 61.9 L and 417 L reported by Balakirouchenane
et al. and 214 L and 568 L by Ouellet et al. [37,38]. These variations might be explained in
part by the design of this current study, which is based on sparse and random sampling
over 24 h after last dose. Relatively few samples were collected after 15 h, potentially
introducing bias in the estimation of distribution volumes. In contrast, the two other
studies included samples obtained at later time points, extending up to 100 h after the
last dose administration [37,38]. The lower body weight of our population (70 (45, 96) kg)
compared to the other two studies (up to 166 kg) might further contribute to the variations
in volumes. Trametinib is indeed a lipophilic molecule, meaning that a higher body fat mass
may lead to a more extensive distribution of the drug in the tissues, thereby generating
larger volumes of distribution [40].

An analysis of covariates revealed a significant influence of fat-free mass on clearance,
explaining 66% of the variability. This is the first popPK model to find this effect. Ouel-
let’s model reported a significant association between body weight and sex on CL [37].
These results are comparable because, in the present study, fat-free mass was estimated
retrospectively using a combination of these identified factors. Currently, most anticancer
treatment adjustments are based on patients’ BSA, but it has recently been shown that sex
may influence these treatments [50,51] due to physiological differences between men and
women [52,53]. Therefore, dosage adjustment based on fat-free mass would integrate both
patients’ BSA and sex and might represent a better adjustment factor [50]. The effect of
age on CL was additionally found in the present study, with older people eliminating the
drug more slowly. This can be explained by a deterioration of the hepatic function with the
increase in age, as well as an increase in co-morbidities and co-medications [54]. However,
this effect has not been previously reported and should be confirmed by other clinical
studies [37]. A 40% increase in CL in patients receiving the coadministration of dabrafenib
with trametinib was identified during covariate analysis, even if the effect was poorly
estimated (RSE = 46%). This finding was surprising, as a combination of the two molecules
is recommended to combat the resistance induced during treatment, despite a non-clinical
significant decrease in AUC reported by the manufacturer [55]. Therefore, a sensitivity
analysis was performed on the subgroup of the population whose treatment history was
monitored by a digital pillbox (“The full adherence information group”) and allowed for
the effect of dabrafenib to be excluded. Adherence to trametinib was identified as a con-
founding factor in this study, leading to the misinterpretation of low concentrations seen
as high clearances attributed to dabrafenib intake rather than a consequence of incorrect
intake of the drug. This result emphasizes the importance of adequately providing dosing
history information in popPK analyses to avoid spurious correlations.

Model simulations showed a significant difference in concentrations between men
and women due to the difference in FFM between the two groups [49]. These results are
consistent with clinical practice, which shows a better response to treatment but also more
toxicity in women [56,57]. A comparable percentage of women and men achieved the target
concentration using 1.5 mg and 2 mg daily respectively. In the same way, concentrations
are higher in patients over 65 years of age, with 75% and 93% of men and women on target,
respectively, compared to 37% and 71% in those under 65 years, when administered with
the 2 mg dose. This highlights the potential to reduce the daily dose for patients over 65,
thereby reducing adverse treatment effects.
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As trametinib may lead to adverse effects that could necessitate temporary treatment
discontinuation, special-case simulations were conducted to examine the impact of one or
more missed doses on drug exposure. Additionally, long-term medication use may result
in treatment fatigue, especially if the benefits of treatment are outweighed by the adverse
effects. As a result, it is not uncommon to encounter situations where patients deliberately
discontinue their medication [58]. The simulation indicates that missing one dose does not
have a strong impact on concentrations, which quickly return to the concentrations obtained
with an optimal intake. However, missing doses every week can become critical, especially
for the subgroup of men under 65, in whom target attainment is low with the usual daily
dose, hence the importance of taking the treatment correctly. It is crucial that patients receive
adequate interprofessional medication adherence support, as failure to provide proper
support increases the risk of non-adherence [14,59–61]. Several studies have experimented
with programs to improve adherence, such as using a digital pillbox to help patients
remember to take their medication daily, and allowing for patients and clinicians to discuss
their digital results to reinforce behaviours, prevent non-adherence episodes, and promote
adherence [13,62]. Factors associated with medication adherence should also be considered
carefully: as shown in patients taking palbociclib, a protein kinase inhibitor used to treat
breast cancer, the impact of the OpTAT pharmacist-led medication adherence intervention
was larger in patients with increased disease duration and treatment experience and in
patients aged >65 years [14]. In addition, more frequent visits with healthcare professionals
can help manage adverse effects. Some studies have shown that increased pharmacist
involvement, through appointment setting and reminder calls, is an effective way to ensure
that patients take their medication as prescribed [14,62,63].

This study presents some limitations. Firstly, the popPK study was conducted on a
limited number of patients. The small subsets of patients can lead to the development of a
model unrepresentative of the targeted population. However, the final model character-
istics converge with the preexisting models developed on a larger population. Another
critical point was the difficulty in obtaining accurate information on the dosing history of
the drug when self-administered, because trametinib causes several adverse effects, which
can lead to treatment discontinuation. This lack of information may lead to erroneous
effects on pharmacokinetic parameters. To overcome this difficulty, the history was re-
constructed based on medical records, which sometimes indicated pauses in treatment.
Nevertheless, there is still the possibility that the patient did not inform the clinician if a
dose was missed, and the assumption of correct adherence may have slightly biased the
analysis. This only affected a small number of patients, since, for a subset of the population
(i.e., the “Full adherence group”), adherence to trametinib was monitored using a digital
pillbox, which allowed the dynamic pattern of drug intake to be characterized. Lastly, the
therapeutic target of trametinib that is currently recommended for the TDM was used to
perform the simulations [18,48]. However, a higher target of 15.6 ng/mL was proposed
in a study conducted on a population taking trametinib and dabrafenib [64]. The routine
implementation of TDM for trametinib would allow for more personalized treatment by
selecting the optimal dose for each individual patient to reach the desired therapeutic
target. Nonetheless, the relationship between PK and toxicity for this drug is unclear, and
increasing the dose could result in a significant increase in adverse effects [18,64,65]. The
therapeutic index is so narrow that increasing the dose may not be possible. Therefore, to
increase the chances of success, it is recommended that patient adherence to trametinib be
monitored and supported by a medication adherence program.

5. Conclusions

The popPK model described drug exposure in an adult population receiving trame-
tinib for cancer treatment and the influence of age and fat-free mass on drug elimination,
highlighting the need to adjust doses according to these parameters. Further clinical studies
are required to validate these findings. This study also showed that missing one or more
doses per week could lead to suboptimal trametinib concentrations, with a higher risk
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of treatment failure, highlighting the need for appropriate interprofessional medication
adherence support to optimise treatment outcomes.
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ALAT Alanine aminotransferase
ASAT Aspartate aminotransferase
BFM Body fat percentage
BMI Body mass index
BSA Body surface area
BW Bodyweight
CL Clearance
Cmin Minimum concentration
CrCL Creatinine clearance
CYP Cytochrome P
FFM Fat-free mass
IIV Inter-individual variability
ka Absorption rate constants
MAPK/ERK Mitogen-activated protein kinase/extracellular-regulated kinase
MEK Mitogen-activated protein kinases
Nonmem Nonlinear mixed effect modelling
OpTAT Optimizing oral Targeted Anticancer Therapies
PAL Alkaline phosphatase
pcVPC Prediction-corrected visual predictive check
PK Pharmacokinetics
popPK Population pharmacokinetic
PsN Pearl speaks Nonmem
Q Intercompartmental clearance
RSE Relative standard error
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TDM Therapeutic drug monitoring
Tmax Time required to reach maximum concentration
V2 Central volume
V3 Peripheral volume
∆OFV Difference in objective function values
95% PI 95% prediction interval
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Figure A2. Percentage of patients reaching the therapeutic target every drug intake (each 24 h). The
points correspond to the median percentage of patients within the therapeutic target at each residual
time (i.e., Cmin ≥ 10.6 ng/mL), and the coloured areas represent the min/max range obtained after
100 repetitions. The black line and squares correspond to the optimal implementation (adherence)
of the drug. The green line and solid triangles represent one randomly missed dose per week. The
blue line and stars represent two randomly missed doses per week. The pink line and dots represent
two consecutive missed doses per week. The purple line and inverted triangles represent treatment
taken over two weeks followed by a one-week break.
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Winciorek, G.; Suwinski, R.; et al. 1115P Comparison of efficacy and toxicity of dabrafenib/trametinib versus vemu-
rafenib/cobimetinib therapy in routine medical practice: Eight years of BRAF/MEK inhibitor use in routine clinical practice. Ann.
Oncol. 2023, 34, S672. [CrossRef]

28. Garbe, C.; Amaral, T.; Peris, K.; Hauschild, A.; Arenberger, P.; Basset-Seguin, N.; Bastholt, L.; Bataille, V.; Del Marmol, V.; Dréno,
B.; et al. European consensus-based interdisciplinary guideline for melanoma. Part 2: Treatment—Update 2022. Eur. J. Cancer
2022, 170, 256–284. [CrossRef] [PubMed]

29. Seth, R.; Agarwala, S.S.; Messersmith, H.; Alluri, K.C.; Ascierto, P.A.; Atkins, M.B.; Bollin, K.; Chacon, M.; Davis, N.; Faries, M.B.;
et al. Systemic Therapy for Melanoma: ASCO Guideline Update. J. Clin. Oncol. 2023, 41, 4794–4820. [CrossRef]

30. Hanna, N.H.; Robinson, A.G.; Temin, S.; Baker, S.; Brahmer, J.R.; Ellis, P.M.; Gaspar, L.E.; Haddad, R.Y.; Hesketh, P.J.; Jain, D.; et al.
Therapy for Stage IV Non–Small-Cell Lung Cancer With Driver Alterations: ASCO and OH (CCO) Joint Guideline Update. J.
Clin. Oncol. 2021, 39, 1040–1091. [CrossRef]

31. Keilholz, U.; Ascierto, P.A.; Dummer, R.; Robert, C.; Lorigan, P.; Van Akkooi, A.; Arance, A.; Blank, C.U.; Chiarion Sileni, V.;
Donia, M.; et al. ESMO consensus conference recommendations on the management of metastatic melanoma: Under the auspices
of the ESMO Guidelines Committee. Ann. Oncol. 2020, 31, 1435–1448. [CrossRef]

32. Garutti, M.; Bergnach, M.; Polesel, J.; Palmero, L.; Pizzichetta, M.A.; Puglisi, F. BRAF and MEK Inhibitors and Their Toxicities: A
Meta-Analysis. Cancers 2022, 15, 141. [CrossRef]

33. European medicines agency (EMA). Mekinist, CHMP Assessment Report; European Medicines Agency (EMA): Amsterdam, The
Netherlands, 2013.

34. SwissMedicInfo. Mekinist (Trametinib). Available online: https://www.swissmedicinfo.ch/ViewMonographie (accessed on 20
May 2024).

35. Thota, R.; Johnson, D.B.; Sosman, J.A. Trametinib in the treatment of melanoma. Expert. Opin. Biol. Ther. 2015, 15, 735–747.
[CrossRef] [PubMed]

36. Mathijssen, R.H.J.; Sparreboom, A.; Verweij, J. Determining the optimal dose in the development of anticancer agents. Nat. Rev.
Clin. Oncol. 2014, 11, 272–281. [CrossRef] [PubMed]

37. Ouellet, D.; Kassir, N.; Chiu, J.; Mouksassi, M.-S.; Leonowens, C.; Cox, D.; Demarini, D.J.; Gardner, O.; Crist, W.; Patel, K.
Population pharmacokinetics and exposure–response of trametinib, a MEK inhibitor, in patients with BRAF V600 mutation-
positive melanoma. Cancer Chemother. Pharmacol. 2016, 77, 807–817. [CrossRef] [PubMed]

38. Balakirouchenane, D.; Guégan, S.; Csajka, C.; Jouinot, A.; Heidelberger, V.; Puszkiel, A.; Zehou, O.; Khoudour, N.; Courlet,
P.; Kramkimel, N.; et al. Population Pharmacokinetics/Pharmacodynamics of Dabrafenib Plus Trametinib in Patients with
BRAF-Mutated Metastatic Melanoma. Cancers 2020, 12, 931. [CrossRef] [PubMed]

39. Infante, J.R.; Fecher, L.A.; Falchook, G.S.; Nallapareddy, S.; Gordon, M.S.; Becerra, C.; Demarini, D.J.; Cox, D.S.; Xu, Y.; Morris,
S.R.; et al. Safety, pharmacokinetic, pharmacodynamic, and efficacy data for the oral MEK inhibitor trametinib: A phase 1
dose-escalation trial. Lancet Oncol. 2012, 13, 773–781. [CrossRef] [PubMed]

40. Food and Drug Administration. Clinical Pharmacology and Biopharmaceutics Reviews; Food and Drug Administration: Rockville,
MD, USA, 2013.

41. Cardoso, E.; Mercier, T.; Wagner, A.D.; Homicsko, K.; Michielin, O.; Ellefsen-Lavoie, K.; Cagnon, L.; Diezi, M.; Buclin, T.; Widmer,
N.; et al. Quantification of the next-generation oral anti-tumor drugs dabrafenib, trametinib, vemurafenib, cobimetinib, pazopanib,
regorafenib and two metabolites in human plasma by liquid chromatography-tandem mass spectrometry. J. Chromatogr. B 2018,
1083, 124–136. [CrossRef]

42. Vrijens, B.; De Geest, S.; Hughes, D.A.; Przemyslaw, K.; Demonceau, J.; Ruppar, T.; Dobbels, F.; Fargher, E.; Morrison, V.; Lewek, P.;
et al. A new taxonomy for describing and defining adherence to medications. Br. J. Clin. Pharmacol. 2012, 73, 691–705. [CrossRef]
[PubMed]

43. Cockcroft, D.W.; Gault, H. Prediction of Creatinine Clearance from Serum Creatinine. Nephron 1976, 16, 31–41. [CrossRef]
44. Deurenberg, P.; Weststrate, J.A.; Seidell, J.C. Body mass index as a measure of body fatness: Age- and sex-specific prediction

formulas. Br. J. Nutr. 1991, 65, 105–114. [CrossRef]
45. PSN. Documentation. Available online: https://uupharmacometrics.github.io/PsN/docs.html (accessed on 15 April 2024).
46. Bergstrand, M.; Hooker, A.C.; Wallin, J.E.; Karlsson, M.O. Prediction-corrected visual predictive checks for diagnosing nonlinear

mixed-effects models. AAPS J. 2011, 13, 143–151. [CrossRef]
47. Mueller-Schoell, A.; Groenland, S.L.; Scherf-Clavel, O.; Van Dyk, M.; Huisinga, W.; Michelet, R.; Jaehde, U.; Steeghs, N.; Huitema,

A.D.R.; Kloft, C. Therapeutic drug monitoring of oral targeted antineoplastic drugs. Eur. J. Clin. Pharmacol. 2021, 77, 441–464.
[CrossRef]

48. Verheijen, R.B.; Yu, H.; Schellens, J.H.M.; Beijnen, J.H.; Steeghs, N.; Huitema, A.D.R. Practical Recommendations for Therapeutic
Drug Monitoring of Kinase Inhibitors in Oncology. Clin. Pharmacol. Ther. 2017, 102, 765–776. [CrossRef]

https://doi.org/10.2217/cer-2020-0249
https://www.ncbi.nlm.nih.gov/pubmed/33448878
https://doi.org/10.1016/j.ejca.2018.12.015
https://www.ncbi.nlm.nih.gov/pubmed/30690294
https://doi.org/10.1016/j.annonc.2023.09.2249
https://doi.org/10.1016/j.ejca.2022.04.018
https://www.ncbi.nlm.nih.gov/pubmed/35623961
https://doi.org/10.1200/jco.23.01136
https://doi.org/10.1200/jco.20.03570
https://doi.org/10.1016/j.annonc.2020.07.004
https://doi.org/10.3390/cancers15010141
https://www.swissmedicinfo.ch/ViewMonographie
https://doi.org/10.1517/14712598.2015.1026323
https://www.ncbi.nlm.nih.gov/pubmed/25812921
https://doi.org/10.1038/nrclinonc.2014.40
https://www.ncbi.nlm.nih.gov/pubmed/24663127
https://doi.org/10.1007/s00280-016-2993-y
https://www.ncbi.nlm.nih.gov/pubmed/26940938
https://doi.org/10.3390/cancers12040931
https://www.ncbi.nlm.nih.gov/pubmed/32283865
https://doi.org/10.1016/s1470-2045(12)70270-x
https://www.ncbi.nlm.nih.gov/pubmed/22805291
https://doi.org/10.1016/j.jchromb.2018.02.008
https://doi.org/10.1111/j.1365-2125.2012.04167.x
https://www.ncbi.nlm.nih.gov/pubmed/22486599
https://doi.org/10.1159/000180580
https://doi.org/10.1079/bjn19910073
https://uupharmacometrics.github.io/PsN/docs.html
https://doi.org/10.1208/s12248-011-9255-z
https://doi.org/10.1007/s00228-020-03014-8
https://doi.org/10.1002/cpt.787


Cancers 2024, 16, 2193 16 of 16

49. Larsson, I.; Lissner, L.; Samuelson, G.; Fors, H.; Lantz, H.; Näslund, I.; Carlsson, L.M.S.; Sjöström, L.; Bosaeus, I. Body composition
through adult life: Swedish reference data on body composition. Eur. J. Clin. Nutr. 2015, 69, 837–842. [CrossRef]

50. Özdemir, B.C.; Gerard, C.L.; Espinosa da Silva, C. Sex and Gender Differences in Anticancer Treatment Toxicity: A Call for
Revisiting Drug Dosing in Oncology. Endocrinology 2022, 163, bqac058. [CrossRef]

51. Wagner, A.D.; Oertelt-Prigione, S.; Adjei, A.; Buclin, T.; Cristina, V.; Csajka, C.; Coukos, G.; Dafni, U.; Dotto, G.P.; Ducreux, M.;
et al. Gender medicine and oncology: Report and consensus of an ESMO workshop. Ann. Oncol. 2019, 30, 1914–1924. [CrossRef]

52. Özdemir, B.C.; Csajka, C.; Dotto, G.-P.; Wagner, A.D. Sex Differences in Efficacy and Toxicity of Systemic Treatments: An
Undervalued Issue in the Era of Precision Oncology. J. Clin. Oncol. 2018, 36, 2680–2683. [CrossRef]

53. Soldin, O.P.; Mattison, D.R. Sex Differences in Pharmacokinetics and Pharmacodynamics. Clin. Pharmacokinet. 2009, 48, 143–157.
[CrossRef]

54. Mangoni, A.A.; Jackson, S.H.D. Age-related changes in pharmacokinetics and pharmacodynamics: Basic principles and practical
applications. Br. J. Clin. Pharmacol. 2003, 57, 6–14. [CrossRef]

55. European Medicines Agency. Tafinlar: EPAR—Product information. Available online: https://www.ema.europa.eu/en/
documents/product-information/tafinlar-epar-product-information_en.pdf (accessed on 20 May 2024).

56. Hernando, J.; Roca-Herrera, M.; García-Álvarez, A.; Raymond, E.; Ruszniewski, P.; Kulke, M.H.; Grande, E.; García-Carbonero, R.;
Castellano, D.; Salazar, R.; et al. Sex differences on multikinase inhibitors toxicity in patients with advanced gastroenteropancreatic
neuroendocrine tumours. Eur. J. Cancer 2023, 188, 39–48. [CrossRef]

57. Van Der Kooij, M.; Dekkers, O.; Aarts, M.; Van Den Berkmortel, F.; Boers-Sonderen, M.; De Groot, J.; Hospers, G.; Piersma, D.;
Van Rijn, R.; Suijkerbuijk, K.; et al. Sex-Based Differences in Treatment with Immune Checkpoint Inhibition and Targeted Therapy
for Advanced Melanoma: A Nationwide Cohort Study. Cancers 2021, 13, 4639. [CrossRef]

58. Murphy, C.C.; Bartholomew, L.K.; Carpentier, M.Y.; Bluethmann, S.M.; Vernon, S.W. Adherence to adjuvant hormonal therapy
among breast cancer survivors in clinical practice: A systematic review. Breast Cancer Res. Treat. 2012, 134, 459–478. [CrossRef]

59. Demonceau, J.; Ruppar, T.; Kristanto, P.; Hughes, D.A.; Fargher, E.; Kardas, P.; De Geest, S.; Dobbels, F.; Lewek, P.; Urquhart, J.;
et al. Identification and Assessment of Adherence-Enhancing Interventions in Studies Assessing Medication Adherence Through
Electronically Compiled Drug Dosing Histories: A Systematic Literature Review and Meta-Analysis. Drugs 2013, 73, 545–562.
[CrossRef]

60. Kamal, S.; Glass, T.R.; Doco-Lecompte, T.; Locher, S.; Bugnon, O.; Parienti, J.-J.; Cavassini, M.; Schneider, M.P. An Adherence-
Enhancing Program Increases Retention in Care in the Swiss HIV Cohort. Open Forum Infect. Dis. 2020, 7, ofaa323. [CrossRef]

61. Bandiera, C.; Dotta-Celio, J.; Locatelli, I.; Nobre, D.; Wuerzner, G.; Pruijm, M.; Lamine, F.; Burnier, M.; Zanchi, A.; Schneider, M.P.
The differential impact of a 6-versus 12-month pharmacist-led interprofessional medication adherence program on medication
adherence in patients with diabetic kidney disease: The randomized PANDIA-IRIS study. Front. Pharmacol. 2024, 15, 1294436.
[CrossRef]

62. Rosenberg, S.M.; Petrie, K.J.; Stanton, A.L.; Ngo, L.; Finnerty, E.; Partridge, A.H. Interventions to Enhance Adherence to Oral
Antineoplastic Agents: A Scoping Review. J. Natl. Cancer Inst. 2020, 112, 443–465. [CrossRef]

63. Levit, L.A.; Arora, S.; Kluetz, P.G.; Magnuson, A.; Rahman, A.; Harvey, R.D. Call to Action for Improving Oral Anticancer Agent
Adherence. J. Clin. Oncol. 2022, 40, 1036–1040. [CrossRef]

64. Groenland, S.L.; Janssen, J.M.; Nijenhuis, C.M.; De Vries, N.; Rosing, H.; Wilgenhof, S.; Van Thienen, J.V.; Haanen, J.B.A.G.; Blank,
C.U.; Beijnen, J.H.; et al. Exposure–response analyses of BRAF- and MEK-inhibitors dabrafenib plus trametinib in melanoma
patients. Cancer Chemother. Pharmacol. 2023, 91, 447–456. [CrossRef]

65. Raynal, M.; Alvarez, J.C.; Saiag, P.; Beauchet, A.; Funck-Brentano, C.; Funck-Brentano, E. Monitoring of plasma concentrations of
dabrafenib and trametinib in advanced BRAFV600mut melanoma patients. Ann. Dermatol. Vénéréol. 2022, 149, 32–38. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/ejcn.2014.268
https://doi.org/10.1210/endocr/bqac058
https://doi.org/10.1093/annonc/mdz414
https://doi.org/10.1200/jco.2018.78.3290
https://doi.org/10.2165/00003088-200948030-00001
https://doi.org/10.1046/j.1365-2125.2003.02007.x
https://www.ema.europa.eu/en/documents/product-information/tafinlar-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/tafinlar-epar-product-information_en.pdf
https://doi.org/10.1016/j.ejca.2023.04.013
https://doi.org/10.3390/cancers13184639
https://doi.org/10.1007/s10549-012-2114-5
https://doi.org/10.1007/s40265-013-0041-3
https://doi.org/10.1093/ofid/ofaa323
https://doi.org/10.3389/fphar.2024.1294436
https://doi.org/10.1093/jnci/djz244
https://doi.org/10.1200/jco.21.02529
https://doi.org/10.1007/s00280-023-04517-8
https://doi.org/10.1016/j.annder.2021.04.005

	Introduction 
	Materials and Methods 
	Data 
	Modelling and Simulations Analyses 
	Model Building 
	Sensibility Analysis 
	Model Selection 
	Model Validation 
	Simulations 


	Results 
	Population Studied 
	PopPK Model 
	Simulations 

	Discussion 
	Conclusions 
	Appendix A
	Appendix B
	References

