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Abstract
Background and Objective Population pharmacokinetic analysis explored the pharmacokinetics of sunitinib and its primary 
active metabolite, SU012662, in children and evaluated the sunitinib dose(s) that produce comparable plasma exposures to 
adults receiving the approved daily dose.
Methods Data were from 65 children with gastrointestinal stromal tumors (GIST) or solid tumors. Pharmacokinetic mod-
els of sunitinib and SU012662 were developed using a systematic multi-step approach employing nonlinear mixed-effects 
modeling. The effect of predefined covariates on pharmacokinetic parameters was assessed. Final models were validated 
using visual predictive check and statistical techniques.
Results The final dataset comprised 439 sunitinib and 417 SU012662 post-baseline plasma observations. Base models were 
characterized by two-compartment models with first-order absorption and lag time. Body surface area (BSA) was the only 
covariate that affected (P < 0.001) pharmacokinetic parameters for sunitinib and SU012662 and was incorporated into the 
final models. Bootstrap results indicated that the final models represented the final dataset adequately. Based on the final 
models, a sunitinib dose of ~ 20mg/m2/day in children with GIST aged 6–17 years would be expected to lead to similar total 
plasma exposures of sunitinib and SU012661 as a dose of 50 mg/day in an adult with GIST on schedule 4/2.
Conclusions In children with GIST or solid tumors receiving sunitinib, population pharmacokinetic analysis identified 
BSA as the only covariate that affected pharmacokinetic parameters and predicted a dose of ~ 20 mg/m2/day as achieving 
equivalent exposure to 50 mg/day in adults with GIST on schedule 4/2.
Trial Registration ClinicalTrials.gov identifiers (date registered): NCT01396148 (July 2011); NCT01462695 (October 2011); 
NCT00387920 (October 2006).
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Key points 

Population pharmacokinetic models were used to explore 
the pharmacokinetics of sunitinib in children with gas-
trointestinal stromal tumors or other solid tumors

Based on the final model, a dose of approximately 20 
mg/m2/day in children with gastrointestinal stromal 
tumors would be expected to lead to similar levels of 
sunitinib as in adults receiving the daily approved dose

This study provides new data to guide sunitinib dosing in 
children
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1 Introduction

Sunitinib is an orally available small molecule inhibitor of 
multiple tyrosine kinases involved in tumor proliferation 
and angiogenesis, including vascular endothelial growth 
factor receptors and platelet-derived growth factor recep-
tors [1–4]. It is approved globally for the treatment of 
advanced/metastatic renal cell carcinoma (RCC) [5, 6] 
and in the US for the adjuvant treatment of adult patients 
at high risk of recurrent RCC following nephrectomy [5]. 
Sunitinib is also approved for the treatment of gastroin-
testinal stromal tumors (GIST) after disease progression 
on, or intolerance to, imatinib [5, 6]. For RCC and GIST, 
the approved starting dose in adults is 50 mg taken once 
daily on a schedule of 4 weeks on treatment followed by 
2 weeks off treatment (schedule 4/2) [5, 6]. Dose adjust-
ments of 12.5 mg are permitted based on individual safety 
and tolerability [5, 6].

In healthy adult volunteers or adults with solid tumors, 
the pharmacokinetic profile of sunitinib is well defined. 
The time to maximum plasma concentration of sunitinib 
ranges from 6 to 12 h, and steady-state concentrations of 
sunitinib and its primary active metabolite SU012662 
are achieved within 10–14 days [5, 6]. Sunitinib is pri-
marily metabolized by the cytochrome P450 enzyme 
3A4 (CYP3A4) to produce SU012662, which comprises 
23–37% of the total exposure [5, 6]. By day 14, combined 
plasma concentrations of sunitinib and SU012662 range 
from 63 to 101 ng/ml, which are the target concentrations 
predicted from preclinical data to cause anti-angiogenic 
and antitumor activity [1]. Following the administration 
of a single oral dose, the terminal half-lives of sunitinib 
and SU012662 are ~ 40–60 h and ~ 80–110 h, respectively, 
and the apparent clearance (CL/F) of sunitinib ranges from 
34 to 62 l/h [5, 6].

These pharmacokinetic data in healthy adults and adults 
with solid tumors are supported by population pharmacoki-
netic models and analyses that have been used to examine 
covariates that might help to explain the interindividual 
variability in exposure of sunitinib and SU012662 and to 
make predictions on efficacy and safety [7–10]. Impor-
tantly, relationships between systemic exposure to the par-
ent drug alone or the total drug (sunitinib and SU012662) 
and the response (efficacy and toxicities) have also been 
identified in adults [8–10] and in a single study in children 
[11]. However, to date, experience of sunitinib in pediat-
ric patients is limited, with few pharmacokinetic studies 
reported [12–15]. Moreover, there have been no popula-
tion pharmacokinetic analyses of sunitinib or SU012662 
conducted in pediatric patients with GIST or other solid 
tumors. This is the first population pharmacokinetic analy-
sis in pediatric patients that includes patients with GIST, 

as well as those with other solid tumors, and was con-
ducted to address regulatory requirements and one of the 
key binding elements of the Sunitinib Pediatric Investiga-
tion Plan as agreed with the European Medicines Agency 
Pediatric Committee. Although the non-compartmental 
pharmacokinetic results from all three studies have been 
previously published in four separate articles [12–15], this 
population analysis pooled pharmacokinetic data from all 
three studies. Such population pharmacokinetic analyses 
further enable the characterization of the pharmacokinet-
ics of sunitinib and SU012662 in this patient population 
and help to predict the dose(s) that provides comparable 
plasma exposures to sunitinib and SU012662 in adults 
receiving the approved daily dose.

The objectives of this study were to develop a popula-
tion pharmacokinetic model for sunitinib and SU012662 in 
pediatric patients with GIST or other solid tumors; identify 
covariates that account for the interindividual variability in 
the pharmacokinetics of sunitinib and SU012662; and make 
predictions with respect to the pharmacokinetics of sunitinib 
and SU012662 in pediatric patients aged 6–11 and 12–17 
years with GIST, with reference to sunitinib and SU012662 
exposure in adult patients with GIST receiving the approved 
daily dose of 50 mg.

2  Methods

2.1  Patient Population

For this analysis, data were pooled from three studies, details 
of which have been published previously: ADVL0612 [12, 
13]; ACNS1021 [14]; A6181196 [15]. Briefly, patients were 
aged between 18 months and 22 years with GIST or other 
solid or central nervous system (CNS) tumors, primarily 
high-grade glioma, ependymoma, nonspecified brain tumor, 
or sarcoma [12–15]. Patients received sunitinib at a starting 
dose of 15 or 20 mg/m2 on schedule 4/2, administered as an 
intact capsule or as capsule contents sprinkled on yogurt 
or applesauce [12–15]. In total, pharmacokinetic data were 
collected for 65 patients.

2.2  Bioanalytical Methods

Details of the studies relevant for the pharmacokinetic analy-
sis, including day(s) and time point(s) of sample collections 
for pharmacokinetic assessment, are listed in Table 1. Sam-
ple collections for pharmacokinetic assessment were com-
pleted at prespecified visits. Plasma samples were analyzed 
for determination of sunitinib and SU012662 concentrations 
using a sensitive, specific, and validated liquid chromatog-
raphy with a tandem mass spectrometry assay (BASi, West 
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Lafayette, IN, USA). Further details of the bioanalytical 
methods are in the Supplementary Material.

2.3  Model Development

The pharmacokinetic modeling approaches were described 
in detail in the analysis plan before initiating any analysis. 
Regulatory guidance and quality control were taken into 
account. A systematic multi-step approach consisting of six 
stages was employed to develop a final population pharma-
cokinetic model: base model development, random effects 
model development, full model development, final model 
development, assessment of model adequacy (goodness 
of fit), and assessment of model predictive performance 
(validation). Analysis was conducted using nonlinear 
mixed-effects modeling methodology, as implemented in 
NONMEM (version 7.1.2, University of California at San 
Francisco, CA, USA) and using the first-order conditional 
estimation method with interaction.

Separate models were used for sunitinib and SU012662 
as have been used previously in adults [7, 9] and to enable 
direct comparison between adult and pediatric data. The 
base models comprised a two-compartment model with a 
first-order absorption rate constant (ka) and lag time (tlag) 
used to characterize the absorption process. Disposition 
kinetics were modeled using parameterization involving 
CL/F, central compartment apparent volume of distribution 
(Vc/F), apparent inter-compartmental clearance (Q/F), and 
peripheral compartment apparent volume of distribution 
(Vp/F). Interindividual variability was modeled using mul-
tiplicative exponential random effects of the form θi = θ × 
eηi, where θ is the typical or central value of the parameter 
and ηi denoted the inter-individual random effect accounting 

for the ith individual’s deviation from the reference value, 
having a mean of 0 and variance ω2.

Based on prior experience, groups of potential covariates 
were predefined for CL/F, Vc/F, and ka. For CL/F, these 
covariates were body weight or body surface area (BSA), 
age, sex (male or female), race (Asian or non-Asian), tumor 
type (GIST or other), and baseline Eastern Cooperative 
Oncology Group performance status (ECOG PS) of 0 or > 
0, either measured directly or extrapolated from the Karnof-
sky performance scale. Vc/F covariates were body weight 
or BSA, age, sex (male or female), and tumor type (GIST 
or other). The ka covariate was form (intact capsule or cap-
sule contents sprinkled on yogurt or applesauce). Identi-
fied covariates were tested for significance using a stepwise 
covariate model (SCM) with the statistical criterion of α = 
0.01 for the forward inclusion step. The full model was then 
subjected to a backward elimination step with the statistical 
criterion of α = 0.001. Covariates were eliminated one at 
a time, with the covariate giving the smallest increase in 
objective function value (OFV; the sum of squared devia-
tions between the predictions and the observations) removed 
and the process repeated until all remaining covariates had a 
statistically significant effect on the pharmacokinetic param-
eter. This was the final model.

2.4  Model Validation

Goodness of fit of the different models was evaluated using 
the following criteria: change in OFV, visual inspection 
of diagnostic plots, precision of parameter estimates, and 
decreases in interindividual variability and residual vari-
ability. Diagnostic plots were examined to assess model 
adequacy and possible lack of fit. Plots of observed versus 
predicted values and observed versus individual predicted 

Table 1  Summary of included studies

GIST gastrointestinal stromal tumor
a Schedule of 4 weeks on treatment followed by 2 weeks off treatment
b An amendment to the study protocol was initiated after enrolment of the first 12 patients. Starting dose in the first 12 patients was 20 mg/m2, 
reduced to 15 mg/m2 in the remaining patients

Study ClinicalTrials.
gov identifier

Phase Tumor type Number of 
evaluable 
patients

Schedulea and starting dose Day(s) and time point(s) of sampling

ADVL0612 NCT00387920 I Solid tumors 35 4/2; 15 or 20 mg/m2b Pre-dose: days 7, 14, 21, and 28 of cycle 1
Post-dose: 0, 1, 2, 4, 6, 8–10, and 24–48 h 

(only for body weight > 10 kg) on day 1 of 
cycle 1

ACNS1021 NCT01462695 II Solid tumors 24 4/2; 15 mg/m2 Pre-dose (trough): days 1, 7, 14, and 28 of 
cycle 1 and days 1 and 28 of cycle 2

A6181196 NCT01396148 I/II GIST 6 4/2; 15 mg/m2 Pre-dose (trough): days 1, 15, and 28 of 
cycles 1–3, and optional on days 7 and 21 
of cycle 1

Post-dose: 2, 4, 6, and 8 h on day 1 of cycle 1
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values were evaluated for randomness around the line of 
unity, and plots of conditional weighted residual versus time 
were evaluated for randomness around the zero line to assess 
whether there were any systematic deviations with respect 
to time that might suggest a deficiency with the structural 
model. Validation of the base and final models was con-
ducted using visual predictive check (VPC) techniques 
comprising 1000 simulations where the median and upper 
and lower bounds of the 95% prediction interval (PI) for the 
pharmacokinetics was compared against the observed data 
median and confidence intervals (CIs).

3  Results

3.1  Patient Characteristics and Samples

The dataset comprised 439 sunitinib and 417 SU012662 
post-baseline measurable plasma observations. In total, 
27 (5.8%) and 49 (10.5%) post-baseline observations were 
below the limit of quantification (BLQ) for sunitinib and 
SU012662, respectively. The effect of data BLQ on mod-
eling was not evaluated. Baseline characteristics overall and 
by age group (ages 2–5, 6–11, 12–17, and 18–21 years) are 
shown in Table 2. The median (range) age was 13 (3–21) 
years. Overall, 33 (50.8%) patients were female and 32 
(49.2%) were male.

3.2  Sunitinib Base and Final Model

A two-compartment model with first-order absorption 
including tlag for absorption and elimination rates was used 
as the base model. The correlations between the η values 
for CL/F and Vc/F, CL/F and ka, and Vc/F and ka were 
weak (0.57, − 0.07, and − 0.07, respectively); therefore, a 
full or partial ω block was not included in the base model. 

Diagnostic plots for the base model were satisfactory, and 
the model appeared to be very stable, as assessed by the 
model eigenvalue ratio of 15.7, which was significantly 
below the maximum permitted value of 1000. Subsequently, 
the effect of extreme outliers on the population pharmacoki-
netic parameter estimates and the diagnostic plots was tested, 
and based on each extreme outlier observation assessment 
(i.e., |conditional weighted residual [CWRES]| > 6), four 
observations were excluded from the dataset. These were 
considered influential outlier observations as their exclusion 
led to > 15% changes in the ω of CL/F, Vc/F, and ka. The 
median values from 1000 bootstrapping analysis runs were 
similar to the parameter estimates of the dataset, and the 
95% CIs overlapped with those of the final dataset, suggest-
ing that the model parameters were stable, except for Vp/F.

During the SCM analysis, the effects of different covari-
ates on CL/F and Vc/F were examined. The estimated 
typical values for CL/F and Vc/F were 24 l/h and 1030 l, 
respectively. For CL/F, the effect of BSA was statistically 
significant (P < 0.001) using a power function: CL/F = 24 
l/h • (BSA/1.44)0.733. The effects of the other covariates of 
age, sex, race, tumor type, and baseline ECOG PS on CL/F 
were not found to be statistically significant (P > 0.001). 
For Vc/F, the effect of BSA was also statistically signifi-
cant (P < 0.001) using a power function: Vc/F = 1030 l • 
(BSA/1.44)1.46. The effects of the other covariates of age, 
sex, and tumor type on Vc/F were not found to be statisti-
cally significant (P > 0.001). In a separate SCM run, BSA 
was replaced by baseline bodyweight. However, the final 
model with BSA was the model with the lower OFV and 
hence was selected.

Goodness-of-fit diagnostic plots and the VPC plot for 
plasma sunitinib concentrations from the final model are 
shown in Figs. 1a and 2a, respectively, and a summary of 
pharmacokinetic parameters in the final model and follow-
ing bootstrapping is shown in Table 3. The bootstrap results 

Table 2  Patient baseline characteristics by age group

ECOG PS Eastern Cooperative Oncology Group performance status, F female, GIST gastrointestinal stromal tumor, M male
a Race was unknown for three patients
b ECOG PS scores based on either the ECOG PS score or extrapolated from the Karnofsky Performance Status Scale, with ECOG PS scores set 
to 0 and 1 for Karnofsky Performance Status Scales > 90 and ≤ 90, respectively. The ECOG PS score could not be determined for 11 patients

Age, years n Sex Racea Tumor type ECOG PS 
 scoreb

Median body 
weight, kg (range)

Median BSA,  m2 (range)

M F Asian Non-Asian GIST Other 0 > 0

2–5 6 3 3 1 5 0 6 2 1 18.3 (16.2–28.7) 0.7 (0.7–1.0)
6–11 20 9 11 0 18 0 20 8 4 28.4 (17.1–56.3) 1.1 (0.7–1.5)

12–17 33 17 16 2 30 6 27 18 15 56 (37.1–100) 1.6 (1.3–2.1)
18–21 6 3 3 1 5 0 6 1 5 71.2 (62.5–74.5) 1.9 (1.6–1.9)

Total 6–17 53 26 27 2 48 6 47 26 19 49.1 (17.1–100) 1.4 (0.7–2.1)
Total 2–21 65 32 33 4 58 6 59 29 25 49.1 (16.2–100) 1.4 (0.7–2.1)
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were consistent with the population parameter estimates 
indicating that the final model was stable and that the popu-
lation parameter estimates from the final model represented 
the final dataset adequately. Inclusion of BSA as a covariate 
in the final model reduced the interindividual variability of 
CL/F and Vc/F by 23.6% and 76.6%, respectively.

3.3  SU012662 Base and Final Model

A two-compartment model with first-order absorption 
including tlag for absorption and elimination rates was used 
as the base model. Based on previous observations [7], a 
conversion of 21% sunitinib to SU012662 was assumed 
to bring the magnitude of the parameters to a more physi-
ologically relevant level. The correlations between the η 
values for CL/F and Vc/F, CL/F and ka, and Vc/F and ka 
were weak (0.45, − 0.13, and − 0.12, respectively); there-
fore, a full or partial ω block was not included in the base 

model. Diagnostic plots for the base model were satisfactory, 
and the model appeared to be very stable, as assessed by 
the model eigenvalue ratio of 40.5, which was significantly 
below the maximum permitted value of 1000. Subsequently, 
the effect of extreme outliers on the population pharma-
cokinetic parameter estimates and the diagnostic plots was 
tested, and based on each extreme outlier observation assess-
ment (i.e., |CWRES| > 6), two observations were excluded 
from the dataset. These were considered influential outlier 
observations as their exclusion led to > 15% changes in 
interindividual random effects.

During the SCM analysis, the effects of different covari-
ates on CL/F and Vc/F were examined. The estimated typi-
cal values for CL/F and VC/F were 11.1 l/h and 1060 l, 
respectively. For CL/F, the effect of BSA was statistically 
significant (P<0.001) using a power function: CL/F = 11.1 
l/h • (BSA/1.44)0.87. The effects of the other covariates of 
age, sex, race, tumor type, and baseline ECOG PS on CL/F 
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Fig. 1  Goodness-of-fit diagnostic plots for plasma sunitinib (a) and SU012662 (b) concentrations from the final model. 
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were not found to be statistically significant (P > 0.001). 
For Vc/F, the effect of BSA was also statistically signifi-
cant (P < 0.001) using a power function: Vc/F = 1060 l • 
(BSA/1.44)1.61. The effects of the other covariates of age, 

sex, and tumor type on Vc/F were not found to be statisti-
cally significant (P > 0.001). In a separate SCM run, BSA 
was replaced by baseline body weight. However, the final 
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Fig. 2   Visual predictive check plots for sunitinib (a) and SU012662 
(b) in the first 12 h post-dose and for sunitinib (c) and SU012662 (d) 
up to 3000 h post-dose. Blue circles represent the observed data, and 
the red lines represent the median (solid line) and 2.5th and 97.5th 
percentiles (dashed lines) of the observed data. The solid black line 
and dashed black lines represent the median and 2.5th and 97.5th per-

centiles of the simulated data. The 95% confidence intervals for the 
simulated median and each percentile are shown by the pink and blue 
shaded areas, respectively. Sunitinib was administered at a dose of 15 
mg/m2 once daily on a schedule of 4 weeks on treatment followed by 
2 weeks off treatment (schedule 4/2)
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model with BSA was the model with the lower OFV and 
hence was selected.

Goodness-of-fit diagnostic plots and the VPC plot for 
plasma SU012662 concentrations from the final model are 
shown in Figs. 1b and 2b, respectively, and a summary of 
pharmacokinetic parameters in the final model and follow-
ing bootstrapping is shown in Table 3. The bootstrap results 
were consistent with the population parameter estimates 
indicating that the final model was stable and that the popu-
lation parameter estimates from the final model represented 
the final dataset adequately. Inclusion of BSA as a covariate 
in the final model reduced interindividual variability of CL/F 
and Vc/F by 32.4% and 58.0%, respectively.

3.4  Predicted Dosing of Sunitinib and SU012662 
Based on the Final Population Pharmacokinetic 
Models

Bootstrapping techniques were used to estimate the expected 
effect of BSA on values for the area under the curve (AUC) 
for sunitinib and SU012662 relative to a reference patient, 
an adult with GIST receiving a sunitinib dose of 50 mg/day 
on schedule 4/2. Sunitinib and SU012662 geometric mean 
(minimum, maximum) AUCs in this reference adult patient 
with GIST were 1233 (1009, 1793) and 551 (311, 1254) 
ng•h/ml, respectively (data on file). The analysis showed 
that the relative AUC values for sunitinib and SU012662 
for a typical patient aged 6–17 years at a sunitinib dose of 
20 mg/m2 was predicted to be between 75% and 125% of the 
AUC of the reference (Fig. 3).

Using the final sunitinib and SU012662 models, 
the doses in pediatric patients required to achieve the 

steady-state 24-h adult reference sunitinib and SU012662 
AUCs of 1233 and 551 ng • h/ml, respectively, at a suni-
tinib dose of 50 mg were calculated. In a typical pedi-
atric patient aged 2–5 years (median BSA = 0.69  m2), 
the predicted sunitinib dose that was expected to lead to 
steady-state sunitinib total plasma exposure over the dos-
ing interval similar to that observed in adults receiving 
50 mg was 25 mg/m2. With respect to SU012662 total 
plasma exposure, the predicted sunitinib dose was 22 mg/
m2. Similarly, in patients aged 6–11 years (median BSA 
= 1.1  m2), with respect to sunitinib and SU012662 total 
plasma exposures, the predicted sunitinib dose was 22 mg/
m2 and 21 mg/m2, respectively. Finally, in patients aged 
12–17 years (median BSA = 1.6  m2), with respect to suni-
tinib and SU012662 total plasma exposures, the predicted 
sunitinib dose was 20 mg/m2 and 20 mg/m2, respectively. 
Therefore, altogether, a sunitinib dose of ~ 20 mg/m2/day 
in pediatric patients aged 6–17 years would be expected 
to lead to similar total plasma exposures for sunitinib and 
SU012662 as compared with adult patients on 50 mg/day 
on schedule 4/2. Considering that the lowest dose strength 
for sunitinib is 12.5 mg and that the commercially availa-
ble sunitinib doses are 12.5, 25.0, 37.5, and 50.0 mg, addi-
tional analyses were performed to identify a BSA-tiered 
dosing strategy. The results of this analysis show that the 
doses in pediatric patients required to achieve the steady-
state sunitinib (and SU012662) AUC approximately simi-
lar to that observed in adult patients with GIST receiving 
50 mg/day were 12.5 mg, 25.0 mg, 37.5 mg, and 50.0 mg 
once daily on schedule 4/2 for those with BSA of ≤ 0.7 
 m2, 0.8–1.5  m2, 1.6–2.4  m2, and ≥ 2.5  m2, respectively.

Table 3  Summary of final model pharmacokinetic parameters for sunitinib and SU012662

BSA body surface area, CI confidence interval, CL/F apparent clearance, ka first-order absorption rate constant, tlag lag time; Q/F apparent inter-
compartmental clearance, RSE relative standard error, Vc/F central compartment apparent volume of distribution, Vp/F peripheral compartment 
apparent volume of distribution, σ residual variability, ω interindividual variability

Parameter Sunitinib SU012662

Results, mean (RSE %) Bootstrap, median (95% CI) Results, mean (RSE %) Bootstrap, median (95% CI)

CL/F (θ1), l/h 24.0 (5.8) 23.8 (15.4–26.7) 11.1 (6.9) 11.1 (9.35–12.6)
Vc/F (θ2), l 1030 (9.8) 1006 (845–1164) 1060 (14) 975 (543–1193)
ka (θ3),  h–1 0.37 (28.3) 0.35 (0.23–0.62) 0.28 (36.7) 0.26 (0.15–0.37)
tlag (θ4), h 0.76 (3.6) 0.75 (0.57–0.88) 0.64 (26.3) 0.65 (0.44–0.76)
Vp/F (θ5), l 81.3 (22.9) 95.4 (64.3–425,327) 63.1 (141) 113 (0.63–4902)
Q/F (θ6), 1/h 0.39 (79.6) 0.46 (0.26–11.4) 6.7 (319) 9.75 (0.09–50,575)
BSA on CL/F (θ9) 0.73 (25.6) 0.75 (0.41–1.34) 0.87 (26) 0.87 (0.48–1.27)
BSA on Vc/F (θ8) 1.46 (19.9) 1.47 (0.99–1.83) 1.61 (20) 1.82 (1.23–3.52)
ω (CL/F), % 33 (35.4) 32.7 (26.5–51.2) 44 (19.8) 42.5 (30.9–55.2)
ω (Vc/F), % 25.3 (45.2) 21.8 (0.25–40.8) 42 (37.6) 43.7 (27.2–64.4)
ω (ka), % 103.4 (41.5) 100.6 (67.2–148) 95.7 (42.4) 90 (52.3–122)
σ (θ7), % 32.2 (2.3) 31.7 (26–38) 26 (3.24) 25.8 (22–31)
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4  Discussion

This was a pooled analysis of three studies of pediatric 
patients receiving sunitinib for the treatment of solid tumors. 
The first was a phase 1 pharmacokinetic and dose escala-
tion study in patients with refractory solid tumors, primarily 
of the CNS, who received either intact capsules or capsule 
contents sprinkled on applesauce or yogurt [12, 13]. The 
second was a phase 2 study in patients with recurrent or 
refractory high-grade glioma or ependymoma [14]. The 
third was a phase 1/2 study in patients specifically with 
GIST [15]. To the best of our knowledge, this is the first 
population pharmacokinetic study of sunitinib in pediatric 
patients with GIST or solid tumors. The pharmacokinetics 
of sunitinib and its primary active metabolite SU012662 
were well described using two-compartment models with 
first-order absorption and tlag for absorption and elimination, 
using nonlinear mixed effect modeling approaches. Stepwise 
analysis of covariates, i.e., body weight or BSA, age, sex, 
race, tumor type, and baseline ECOG PS, identified BSA 
as the only statistically significant covariate for CL/F and 
Vc/F in the final models for both sunitinib and SU012662. 
Higher BSA was associated with greater CL/F and Vc/F, 

meaning lower sunitinib and SU012662 exposure. Popula-
tion pharmacokinetic analysis using nonlinear mixed-effects 
modeling is an appropriate method for obtaining pharma-
cokinetic information in children, from both a practical and 
ethical standpoint [16]. Modeling and simulations can also 
be used for providing the rationale of drug dosing in specific 
populations, including children [17].

Based on the sunitinib and SU012662 apparent clearance 
in the final pharmacokinetic models, for patients aged 2–5 
years with median BSA = 0.69  m2, the predicted sunitinib 
doses expected to achieve steady-state total plasma expo-
sures for sunitinib and SU012662 over the dosing interval 
similar to those in adults receiving 50 mg on schedule 4/2 
are 25 and 22 mg/m2, respectively. For patients aged 6–11 
years (median BSA = 1.1  m2), the predicted sunitinib doses 
are 22 and 21 mg/m2 with respect to sunitinib and SU012662 
total plasma exposures, respectively. For patients aged 12–17 
years (median BSA = 1.6  m2), the predicted sunitinib doses 
are 20 mg/m2 with respect to both sunitinib and SU012662 
total plasma exposures. A dose of ~20 mg/m2/day in patients 
aged 6–17 years would therefore be expected to lead to simi-
lar total plasma exposures for sunitinib and SU012662 as 
for an adult receiving a dose of 50 mg/day on schedule 4/2.

Age Group

Ratio of Predicted AUC Related 
to the Value in Adult Reference

18—21 y, BSA 1.87 m2

6—17 y, BSA 1.44 m2

12—17 y, BSA 1.6 m2

6—11 y, BSA 1.1 m2

2—5 y, BSA 0.69 m2

1.0 1.5 2.0

24 75 1

65 34 1

44 56 1

95 4 1

22 74 2 1

a  Sunitinib b  SU012662

Age Group

Ratio of Predicted AUC Related 
to the Value in Adult Reference

18—21 y, BSA 1.87 m2

6—17 y, BSA 1.44 m2

12—17 y, BSA 1.6 m2

6—11 y, BSA 1.1 m2

2—5 y, BSA 0.69 m2

1.0 1.5 2.0

33 64 3

44 55 1

39 61

60 39 1

68 28 4

Fig. 3  Effect of BSA on sunitinib (a) and SU012662 (b) AUC follow-
ing multiple dosing of sunitinib 20 mg/m2 for different age groups, 
based on the final model. Effects are presented as probability density 
plots on a relative scale to indicate proportional size and precision 
relative to the adult reference patient. The plots represent distribu-
tions of 1000 nonparametric bootstrap estimates, with the heights 

of the plots representing probability. The reference is the geometric 
mean steady-state 24 h sunitinib and SU012662 AUCs of 1233 and 
551 ng • h/ml, respectively, in an adult patient with GIST receiving a 
sunitinib dose of 50 mg. The green shaded areas represent the 0.75–
1.25 ratio range. AUC  area under the curve, BSA body surface area, 
GIST gastrointestinal stromal tumor
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As noted, to the best of our knowledge, this is the first 
population pharmacokinetic analysis of sunitinib in pediatric 
patients with GIST or solid tumors; therefore, comparison 
with other studies is limited. However, the dose of 20 mg/
m2 identified in the current study that would be expected to 
lead to similar sunitinib and SU012622 plasma exposures as 
a dose of 50 mg/day in adults on schedule 4/2 is similar to 
the projected dose identified based on the extrapolation of 
pharmacokinetic and pharmacodynamic data for pediatric 
patients with GIST (data on file).

Due to slow enrolment of pediatric patients with GIST, 
only six patients completed the original study [15]. There-
fore, the dataset in the current study with respect to pediatric 
patients with GIST comes from a smaller patient population. 
However, the population analysis approach used took advan-
tage of pharmacokinetic data in other solid tumor settings to 
characterize further the pharmacokinetics of sunitinib and 
SU012662 in pediatric patients with GIST. In fact, as part 
of the covariate analysis, tumor type (GIST versus other 
solid tumor) was found to have no impact on the apparent 
clearance of sunitinib and SU012662 in pediatric patients. 
Although the lack of effect of tumor type on PK parameters 
may have occurred because of the small number of patients 
with GIST, it is notable that the central tendency of post-hoc 
estimates for CL/F and Vc/F between patients with GIST 
compared with those with other solid tumors were similar 
(CL/F: 25.3 versus 22.5 l/h; Vc/F: 993 versus 903 l, respec-
tively), further indicating a lack of tumor effect in children. 
However, in an analysis of 647 adult patients comprising 
395 patients with advanced RCC and 252 with GIST, there 
were higher CL/F and Vc/F values in patients with GIST 
compared with patients with advanced RCC [9]. The authors 
suggested that the differences were most likely due to the 
lower bioavailablity of sunitinib in the patients with GIST 
compared with those with advanced RCC. In turn, the lower 
bioavailability in adult patients with GIST could be caused 
by the fact that the site of disease in these patients potentially 
impacts the absorption of sunitinib from the gastrointestinal 
(GI) tract. Considering that different sites of the GI tract are 
affected in pediatric versus adult GIST, it is likely that the 
lack of tumor type effect (GIST versus other solid tumors) 
in pediatric patients in contrast to adult patients is due to 
the impact of disease site in the GI tract, affecting sunitinib 
absorption in adults but not pediatric patients.

In the dose escalation study in pediatric patients with 
solid tumors (study ADVL0612), the maximum tolerated 
sunitinib dose was determined to be 15 mg/m2 [12, 13]. 
In this study, the maximum tolerated dose projection was 
conducted in heavily pretreated pediatric patients, the 
majority of whom had tumors of the CNS. In the phase 2 
study of patients with recurrent or refractory high-grade 
glioma or ependymoma (study ACNS1021), administration 

of sunitinib at a dose of 15 mg/m2 was generally well toler-
ated, with most adverse events of mild to moderate severity 
[14]. In study A6181196 in pediatric patients with GIST, 
although the starting dose was 15 mg/m2, it was escalated 
to 22.5 mg/m2 in five of six patients and escalated further 
to 30 mg/m2 in two out of these five patients [15]. The 
average dose across the study was close to 20 mg/m2 [6]. 
Therefore, based on the available data, and specifically 
safety data from study A6181196, a starting dose of 20 
mg/m2 is expected to be well tolerated in pediatric patients 
with GIST. Furthermore, according to BSA-tiered dosing 
in pediatric patients, doses of 12.5 mg, 25.0 mg, 37.5 mg, 
and 50.0 mg in patients with BSA of ≤ 0.7  m2, 0.8–1.5 
 m2, 1.6–2.4  m2, and ≥ 2.5  m2, respectively, are required to 
achieve the steady-state sunitinib (and SU012662) AUC 
approximately similar to that observed in adult patients 
with GIST receiving 50 mg/day. It should also be noted that 
dosing by BSA is widely used in pediatric patients and that 
doses could be escalated if tolerability permits.

5  Conclusion

This population pharmacokinetic analysis of sunitinib in 
pediatric patients with GIST or solid tumors showed that 
BSA was the only covariate to statistically significantly 
affect sunitinib and SU012662 pharmacokinetic parameters. 
In a pediatric patient with GIST aged 6–17 years, a suni-
tinib dose of ~ 20 mg/m2/day would be expected to lead to 
similar total plasma exposure of sunitinib and SU012662 
compared with an adult patient with GIST receiving 50 mg/
day on schedule 4/2. This dose needs to be viewed in context 
with tolerability data obtained from clinical trials of suni-
tinib in children [12–15]. The projected dose is supported 
by safety and tolerability data from pediatric patients with 
GIST in study A6181196 [15]. The results of this analysis 
help to bridge clinical pharmacology information between 
pediatric and adult patient populations with GIST and pro-
vide new information to guide dosing decisions for children 
with GIST.
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