
1422  |   	﻿�  CPT Pharmacometrics Syst Pharmacol. 2021;10:1422–1432.www.psp-journal.com

Received: 14 June 2021  |  Revised: 30 August 2021  |  Accepted: 1 September 2021

DOI: 10.1002/psp4.12712  

A R T I C L E

Exposure–response analysis of efficacy and safety for 
pexidartinib in patients with tenosynovial giant cell tumor

Ophelia Yin1,†  |   Hamim Zahir1  |   Jonathan French2  |   Daniel Polhamus2  |   
Xiaoning Wang2  |   Michiel van de Sande3  |   William D. Tap4  |   Hans Gelderblom5  |   
Andrew J. Wagner6  |   John H. Healey7  |   Jonathan Greenberg8  |   Dale Shuster8  |   
Silvia Stacchiotti9

This is an open access article under the terms of the Creat​ive Commo​ns Attri​butio​n-NonCo​mmerc​ial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 Daiichi Sankyo, Inc. CPT: Pharmacometrics & Systems Pharmacology published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology 
and Therapeutics

†At time of study.

1Quantitative Clinical Pharmacology 
and Translational Sciences, Daiichi 
Sankyo, Inc., Basking Ridge, New 
Jersey, USA
2Metrum Research Group, Tariffville, 
Connecticut, USA
3Department of Orthopedics, Leiden 
University Medical Center, Leiden, 
Netherlands
4Sarcoma Medical Oncology Service, 
Memorial Sloan Kettering Cancer 
Center, New York, New York, USA
5Medical Oncology, Leiden University 
Medical Center, Leiden, Netherlands
6Department of Medical Oncology, 
Dana-Farber Cancer Institute, Boston, 
Massachusetts, USA
7Orthopaedic Service, Memorial Sloan 
Kettering Cancer Center, New York, 
New York, USA
8Global Oncology R&D, Daiichi Sankyo, 
Inc., Basking Ridge, New Jersey, USA
9Department of Medical Oncology, 
Fondazione IRCCS Instituto Nazionale 
dei Tumori, Milan, Italy

Correspondence
Hamim Zahir, Daiichi Sankyo, Inc., 211 
Mount Airy Road, Basking Ridge, NJ 
07920, USA.
Email: hzahir@dsi.com

Present address
Ophelia Yin, Agios Pharmaceuticals, 
Cambridge, Massachusetts, USA

Abstract
This analysis was conducted to assess exposure–response relationships for effi-
cacy and safety of pexidartinib in patients with tenosynovial giant cell tumor. 
Efficacy was assessed categorically by overall response rate (ORR) with Response 
Evaluation Criteria in Solid Tumors version 1.1 and longitudinally (changes in 
tumor size and volume). Safety included hepatic parameters (i.e., alanine ami-
notransferase [ALT], aspartate aminotransferase [AST], and total bilirubin). 
Average pexidartinib concentration (Cavg) was identified as the primary exposure 
parameter correlated with response. In categorical and longitudinal analyses, 
higher Cavg coincided with greater ORR and tumor size reduction, respectively, 
with smaller joint size having a greater impact. For safety, a significant relation-
ship was observed between Cavg and incidence of ALT-related and AST-related 
adverse events (AEs). With increased exposure, an increase in efficacy was pre-
dicted with near maximum effect at 800 mg/day. Higher initial dose (1000 mg/
day) during the first 2  weeks did not improve efficacy. Higher doses were as-
sociated with an increased risk of ALT-related and AST-related AEs. These re-
sults support the US Food and Drug Administration–approved dose (400 mg two 
times/day without initial loading dose).

STUDY HIGHLIGHTS
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Dosing for pexidartinib in phase III trials was based on a phase I trial. Exposure–
response analyses for pexidartinib have not been previously published.
WHAT QUESTION DID THIS STUDY ADDRESS?
It assesses the effect of pexidartinib exposure on efficacy and safety parameters to 
support the currently approved dose regimen and identify covariates impacting 
this exposure–response relationship.
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INTRODUCTION

Tenosynovial giant cell tumor (TGCT) is a rare and ag-
gressive neoplasm that affects joints, tendon sheaths, and 
bursae.1 Pexidartinib is a novel, small-molecule tyrosine 
kinase inhibitor that targets colony-stimulating factor 1 
receptor (CSF1R).2,3 In the ENLIVEN study, pexidartinib 
was associated with a robust tumor response and improve-
ment in symptoms and functionality in adult patients with 
severe symptomatic TGCT.4 Thereafter, pexidartinib was 
approved in the United States for the treatment of adult 
patients with symptomatic TGCT associated with severe 
morbidity or functional limitations and not amenable to 
improvement with surgery.2

In the ENLIVEN study, patients randomly assigned to 
pexidartinib received 1000 mg/day for 2 weeks and 800 mg/
day thereafter. Following the randomization phase (Part 1), 
patients receiving the placebo could cross over to pexidarti-
nib 800 mg/day (Part 2) (Figure 1). Patients in the crossover 
group who started pexidartinib at 800 mg/day had lower 
mixed or cholestatic hepatoxicity compared with those 
randomly assigned to pexidartinib at 1000 mg/day.4

The objectives of the present analysis were to evalu-
ate the exposure–response relationships for efficacy and 
safety to support the pexidartinib dose recommendation 
in patients with TGCT. Assessments included the pexidar-
tinib exposure–response relationship for tumor response 

using Response Evaluation Criteria in Solid Tumors 
(RECIST) version 1.1 and tumor volume score (TVS), lon-
gitudinally measured tumor size (RECIST and TVS), and 
adverse events (AEs) related to elevations in hepatic lab-
oratory values.

METHODS

Data sources and study populations

Pharmacokinetic (PK) data, clinical efficacy, and safety 
measures from studies PLX108-01 and ENLIVEN were as-
sessed (Table 1). ENLIVEN was a two-part, randomized, 
double-blind, placebo-controlled phase III  study in 120 
patients with TGCT (Figure 1). Patients received pexidar-
tinib 1000 mg/day for 2 weeks and then 800 mg/day for 
22 weeks with crossover allowed for placebo-treated pa-
tients at the initiation of the long-term treatment phase; 
30 patients crossed over.

PLX108-01 was a two-part phase I study evaluating the 
safety, PKs, and pharmacodynamics of pexidartinib in pa-
tients with advanced, incurable, solid tumors, including 
TGCT. In Part 1, patients underwent sequential dose esca-
lation from 200 mg/day up to 1200 mg/day followed by an 
extension phase (Part 2) in which 39 patients with TGCT 
received pexidartinib 1000 mg/day.

Funding information
Research funding was supported by 
Daiichi Sankyo, Inc.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Increasing the dose from 400  mg/day to 800  mg/day was associated with im-
proved efficacy; a higher initial dose (1000  mg/day) did not improve efficacy. 
There was an increased risk of adverse events with higher doses.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
This study supports the US Food and Drug Administration–approved dose of 
400 mg twice daily and provides clinicians with insights into understanding of 
the exposure–response relationship for efficacy and safety.

F I G U R E  1   ENLIVEN study 
design. BID, twice daily; MRI, magnetic 
resonance imaging; q12wk, every 12 
weeks

Part 1
Placebo-controlled and blinded (24 wk)

Pexidartinib 1000 mg/day split BID (2 wk),
then 800 mg/day split BID (22 wk)

Part 2
Open-label extension (>25 wk)

Pexidartinib
current dose

n=120
n=61

Placebo
n=30

n=59
Randomize

1:1

Week 91 1713 25

MRI q12wk
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Assessments

PK data were analyzed using population PK (PopPK) 
modeling previously described to obtain exposure met-
rics in individual patients.5 The primary exposure metric 
in the exposure–response analysis was the PopPK model, 
which predicted the average drug concentration (Cavg) 
during 25 weeks of dosing. Efficacy end points were lon-
gitudinal tumor size and tumor response assessed using 
RECIST (version 1.1) and TVS by blinded independent 
central review. AEs of interest were liver enzyme (ala-
nine aminotransferase [ALT], aspartate aminotransferase 
[AST], and total bilirubin [TBIL]) elevations and choles-
tatic laboratory results based on laboratory values.

Exposure–response modeling of longitudinal 
tumor size

The longitudinal tumor-size modeling population included 
all patients in the intent-to-treat analyses of ENLIVEN and 

PLX108-01 who had two or more observations (baseline 
plus one or more after baseline) and were included in the 
PK analysis. Nonlinear mixed effects models were used to 
describe longitudinal tumor growth. Models and analy-
ses were developed and conducted using R version 3.3 (R 
Foundation for Statistical Computing) and NONMEM ver-
sion 7.4 (ICON Development Solutions). The first-order con-
ditional estimation with η-ε interaction method was used for 
all model runs. Initial model development for natural tumor 
growth (placebo model) was guided by the change in tumor 
size in the absence of treatment (i.e., patients receiving pla-
cebo, Part 1 of ENLIVEN). Selection of the structural form 
of the placebo model was based on exploratory analysis and 
common methods of modeling tumor data.6

Covariates included age and body weight at baseline, 
sex, race (White vs. non-White), joint size (small vs. large), 
and primary tumor location (upper vs. lower extremity). 
Once natural tumor growth was described (i.e., placebo 
model), the drug exposure effect on tumor size reduc-
tion was assessed. Overall, the model incorporated tumor 
growth magnitude and onset of drug effect:

T A B L E  1   Summary of studies, end points, and covariates included in the exposure–response analysis

Analysis Study
No. of 
patients End points Covariates

Exposure 
pharmacodynamics

PLX108-01; 
ENLIVEN

141 Longitudinally 
measured tumor 
size by RECIST or 
TVS

•	 Age (years)
•	 Body weight (kg)
•	 Sex
•	 Race (White vs. non-White)
•	 Baseline tumor size (mm)
•	 Location of investigational site (United States vs. 

non-United States)
•	 Joint size (small vs. large)
•	 Primary tumor location (upper vs. lower extremity)
•	 Study period (1 vs. 2)

Exposure efficacy ENLIVEN 113 Tumor response at 
Week 25 reported by 
RECIST or TVS

•	 Age (years)
•	 Body weight (kg)
•	 Sex
•	 Race (White vs. non-White)
•	 Baseline tumor size (mm)
•	 Location of investigational site (United States vs. 

non-United States)
•	 Joint size (small vs. large)
•	 Primary tumor location (upper vs. lower extremity)
•	 Study period (1 vs. 2)

Exposure safety PLX108-01; 
ENLIVEN

241 •	 ALT >3× ULN
•	 AST >3× ULN
•	 TBIL >2× ULN
•	 TBIL >2× baseline

•	 Age (years)
•	 Body weight (kg)
•	 Sex
•	 Race (White vs. non-White)
•	 Tumor type (TGCT vs. non-TGCT)
•	 Identifier for ENLIVEN placebo crossover patients
•	 Baseline laboratory value for corresponding end 

point

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; RECIST, Response Evaluation Criteria in Solid Tumors; TBIL, total bilirubin; 
TGCT, tenosynovial giant cell tumor; TVS, tumor volume score; ULN, upper limit of normal.
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Y0,i is the baseline tumor size, Emax is the maximal 
achievable effect, θi is tumor natural growth, Cavgij is av-
erage concentration up to tumor measurement time j, and 
TAFD is time after first dose. kdrug and konset are rate con-
stants of exposure effect and onset effect, respectively.

Assessment of model adequacy and adjustments to 
the model were driven by data and goodness-of-fit crite-
ria. These included visual inspection of diagnostic plots, 
successful convergence of the minimization routine, plau-
sibility of parameter estimates, precision of parameter 
estimates for structural parameters correlation between 
model parameter estimation errors <0.95, the Akaike in-
formation criterion, and preference for NONMEM’s cova-
riance step completion.

The final model adequacy and parameter estimates 
were investigated with a visual predictive check, assuming 
that parameter uncertainty is negligible relative to inter-
individual and residual variance.7 A total of 1000 Monte 
Carlo simulations were generated using the final models 
compared with the observed data in a visual predictive 
check.

Exposure–response modeling of 
overall response

Overall response rate (ORR; RECIST and TVS) was 
measured in the intent-to-treat population in ENLIVEN; 
patients received pexidartinib in either the randomiza-
tion or the long-term extension phases of the study or re-
ceived placebo (not crossed over). Responses at Week 25 
by RECIST and TVS were classified as complete response 
(CR), partial response (PR), or nonresponse (neither CR/
PR). Nonevaluable patients for response were classified as 
nonresponders. The exposure metric was Cavg in specific 
time intervals. Proportional odds logistic regression mod-
els with potentially nonlinear effects of exposure (e.g., sig-
moidal Emax relationships) were developed in Stan (Stan 
Development Team; https://mc-stan.org/). Response vari-
ables were ordered as nonresponse (Y = 0), PR (Y = 1), 
and CR (Y = 2):

αj is the intercept for response j, and Cavgi is the aver-
age concentration for patient i.

Weakly informative prior distributions were provided 
for exposure–response parameters (Emax, half maximal 

effective concentration [EC50], and Hill coefficient [γ]) 
and intercept (α0, α1). The base model was:

Emax ~N(0,5), EC50~ scale × N+ (0,5), γ ~N+ (0,3), P(Y 
≤j) is given in Equation (1), N(μ, σ) denotes a normal dis-
tribution with mean μ and standard deviation σ, and N+ 
(μ, σ) denotes a corresponding half-normal distribution. 
The scale factor in the prior distribution for EC50 was ap-
proximately equal to the median exposure among the pa-
tients treated with pexidartinib.

The covariates evaluated were the same as the longitu-
dinal analysis plus baseline tumor size (mm), location of 
investigational site (United States vs. non-United States), 
and study period (active phase vs. crossover phase).

To assess covariate effects, modeling proceeded in 
three steps. First, the full model with all covariates was 
estimated using a Bayesian regularization method regu-
larized horseshoe priors8; covariates with effects for which 
the 50% central credible interval (CrI) excluded the null 
value were selected. Second, a reduced full model was fit-
ted with these selected covariates using noninformative 
N (0,5) prior distributions. A final model was selected in-
cluding all covariates for which, in the reduced full model, 
the 90% central CrI excluded the null value. Model quali-
fication was performed using posterior predictive checks 
with distributions summarized by both the proportion of 
responders and complete responders by covariate strata 
(e.g., exposure tertile) and by the smoothed expected prob-
ability of ORR and CR as a function of exposure. Also, 
models were fitted using nonregularizing prior distribu-
tions (e.g., N [0,5]) for covariate effects to assess sensitivity 
of the inference to the choice of prior distribution.

Exposure–response modeling of adverse events

The AE modeling population included all patients from 
study PLX108-01 and those from ENLIVEN who were 
in the intent-to-treat analysis if they received pexidarti-
nib in either the randomization or the long-term exten-
sion phases of the study or who received placebo (either 
crossed over or not). Patients who met the criterion for an 
AE at baseline were excluded from the analysis set for that 
AE end point.

The AEs of interest were related to hepatic function and 
described as time-to-event distributions for the following:

•	 Time to first ALT >3× upper limit of normal (ULN)
•	 Time to first AST >3× ULN
•	 Time to first TBIL >ULN
•	 Time to first TBIL >2× baseline

Yij=Y0,i

(

1−Emax×
(

1−e−kdrug ×Cavgij
)(

1−e−konset x TAFDij
))

+�i× time_ij

(1)
logit [P(Yi≤ j)]=�j+

(

Emax ×Cavg
Y
i

)

∕(ECY50+Cavg
Y
i ),

for j=0, 1,

P(Y = j|Emax ,EC50, 𝛾) = P(Y ≤ j) − P(Y < j)

https://mc-stan.org/
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For each AE, an exposure–response analysis for the time 
to the first event using Cavg as the exposure metric was per-
formed to describe the rate of onset and overall AE incidence.

In piecewise-exponential time-to-event models with 
hazards assumed to be constant over time intervals 
(0–4 weeks, 4–8 weeks, 8–12 weeks, 12–80 weeks), 80 weeks 
is the longest time at-risk in ENLIVEN. For subjects with an 
event, time averaging continued through the time of event. 
For subjects without an event, time averaging continued 
through time of censoring. If time of censoring was not di-
rectly observed, it was assumed to be 2 weeks after the last 
recorded dose. Linear, log-linear, and sigmoidal Emax struc-
tural exposure–response models were evaluated:

Cavgik is the average concentration for patient i in inter-
val Ik. To account for the planned dose reduction following 
Week 2 of the randomization phase of study PLX108-10, 
average concentrations were calculated over the follow-
ing five time intervals: 0–2 weeks, 2–4 weeks, 4–8 weeks, 
8–12 weeks, and 12–80 weeks, that is, I1 = [0,2), I2 = [2,4), 
I3 = [4,8), I4 = [8,12), and I5 = [12,80) weeks. At the same 
time, to ensure model consistency with the assumption 
that the AE hazard is constant over the 0–4 weeks time 
interval, the intercept during the first 4  weeks was kept 
constant by setting alpha_1 = alpha_2.

Models were fit in a Bayesian paradigm using Stan. 
Prior distributions were chosen as weakly informative. 
Specifically, baseline hazard parameters were αk ~ N(−3,5) 
for k = 2,..., 5. For linear and log-linear models, we used 
slope ~N (0,2). For the sigmoidal Emax model, Emax ~N 
(0,5), EC50 ~ N +(0,5), and γ~ N +(0,3). Covariates evalu-
ated included age and body weight at baseline, sex, race 
(White vs. non-White), tumor type (TGCT vs. non-TGCT), 
identifier for placebo crossover patients, and baseline lab-
oratory value for the analysis end point.

Model qualification was performed using posterior pre-
dictive checks, including a summary of proportion of pa-
tients experiencing the AE stratified by covariate group and 
posterior predictive distribution for the Kaplan–Meier esti-
mated time to AE distribution stratified by covariate groups.

Population simulations

Population simulations were performed for efficacy and 
safety end points with dosing scenarios (25  weeks of 
dosing):

•	 400 mg/day AM
•	 600 mg/day (200 mg AM, 400 mg PM)
•	 800 mg/day (400 mg AM and PM)
•	 1000  mg/day (400  mg AM + 600  mg PM) × 2  weeks, 

then 800 mg/day for 23 weeks

Complete covariate cases were generated for 1000 
individuals by resampling the ENLIVEN population. 
Individual PK parameters of these 1000 patients were 
simulated based on their covariates and interindividual 
random effect distributions from the PopPK model. The 
respective exposure metric for each efficacy/safety end 
point was calculated for all 1000 patients. The exposure–
response models were used to simulate efficacy and safety 
given these exposure metrics. To include parameter uncer-
tainty, the parameter set was resampled either from the 
asymptotic distribution (NONMEM output) or the joint 
posterior distribution (Stan). A total of 1000 simulations 
were conducted for efficacy or safety end points.

RESULTS

Exposure–response of longitudinal tumor size

There were 159 patients with 781  longitudinal RECIST 
and TVS observations in the exposure–response analysis 
of longitudinal tumor size; 18 patients were excluded (for 
no tumor observations [n  =  10], for exclusion from PK 
modeling [n = 7], and for only having a single observa-
tion [n = 1]). Demographics and baseline characteristics 
of the RECIST population are summarized in Table S1. All 
continuous and categorical covariates were well balanced 
across treatment cohorts.

Raw RECIST scores (cm) are illustrated in Figure  2a. 
Tumor size in placebo-treated patients in ENLIVEN re-
mained unchanged over 24 weeks, whereas the patients re-
ceiving pexidartinib in ENLIVEN (either randomly assigned 
to pexidartinib or crossed over to pexidartinib) or who re-
ceived pexidartinib in study PLX108-01  showed varying 
decreases in RECIST scores, ranging from no improvement 
to complete reduction of the tumor. The rate of tumor re-
sponse was dependent on whether patients were randomly 
assigned to pexidartinib or crossed over to pexidartinib.

For the placebo model, following examination of co-
variate relationships, only joint size had a statistically 
significant effect on baseline tumor size with small joints 
associated with a lower baseline tumor size versus large 
joints. Accounting for joint extremity, joint size, and age, 
the tumor growth rate was estimated to be 0.227 (95% con-
fidence interval [CI], −0.13, 0.583) cm/year. Since the 95% 
CI included zero, the growth rate was fixed to zero for sub-
sequent drug effect model development.

logh(t) = ak + slope × Cavgik, t � Ik , k = 1, 2, 3, 4, 5

logh(t) = ak + slope × log
(

Cavgik + 0.01
)

, t � Ik , k = 1, 2, 3, 4, 5

logh(t) = ak + Emax × Cavg
Y
ik
∕(ECY50 + CavgY

ik
), t � Ik , k = 1, 2, 3, 4, 5
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For the drug effect model, based on the visual evidence 
of residual trend in the random effects distributions for the 
drug effect and onset effect relative to joint extremity, joint 
size, and age, these covariates were added to the model pa-
rameters kdrug and konset, resulting in the final longitudinal 
tumor model (Table S2). The covariate effect is further il-
lustrated in Figure 2b, where the top graph shows the effect 
of different Cavg values for pexidartinib on tumor size in a 
reference patient (i.e., 44-year-old with a tumor located in 
the lower extremity in a large joint). At Cavg values of 3.8 
(median 25th percentile), 4.7 (median 50th percentile), and 
6  mg/L (median 75th percentile), there was a directional 
exposure–response trend with mean reductions in tumor 
size of 32%, 36%, and 42%, respectively, at these concentra-
tions. Similar trends were seen for each of the covariates 
with the largest effect seen with joint size. However, differ-
ences in response were not statistically significant as con-
centration extremes (i.e., 3.8 and 6 mg/L) had overlapping 
95% CIs within age, extremity, and joint size.

The visual predictive check replicated observed RECIST 
measurements well across all cohorts (Figure 2c), indicat-
ing that the model structure was sufficient to capture the 
observed trends in the data. Similar results were observed 
for the longitudinal assessment of TVS. This is not surpris-
ing because the RECIST and TVS scores were positively 
correlated (Pearson correlation ρ = 0.65 on the raw scale).

Exposure–response of overall response rate

There were 120 patients with odds ratio (OR) data (91 pexidarti-
nib, 29 placebo) from ENLIVEN included in the ORR analysis. 
Of the 91 patients treated with pexidartinib, 7 were excluded 

from the PK modeling due to incorrect dosing history. Patients 
included in this analysis are largely the same as those in the 
ENLIVEN group in longitudinal tumor size analysis.

The base model estimated a shallow exposure–response re-
lationship for ORR and CR across a range of Cavg values, reflect-
ing observed ORRs of 21%, 50%, and 29% in the first, second, 
and third tertiles of Cavg values, respectively (compared with 0% 
for those receiving placebo). In the full model, age, weight, and 
joint size were identified as having effects on the variability in 
ORR, and these variables were carried forward to the reduced 
model for refitting with noninformative prior distributions. 
The resulting final model parameters are presented in Table S3. 
Results showed an effect of joint size, with disease in patients 
in small joints having a higher probability of response com-
pared with those patients with disease in large joints (posterior 
median of the log OR of large vs. small was 0.85; 90% CrI, 0.04, 
1.65). Note that as a log OR, the lower bound of the CrI can ex-
ceed zero and the upper bound can exceed one. Furthermore, 
increased Cavg was associated with an increased probability of 
a PR or CR with the exposure–response effect tending to be 
more pronounced in patients with small joint involvement 
(Figure 3a). Posterior predictive checks for the probability of 
ORR (Figure 3b) or CR (Figure 3c) indicate that the model fits 
the data well over Cavg exposure values. Similar results were ob-
served for the TVS analysis with a shallow exposure–response 
relationship across the range of exposures explored.

Exposure–response of safety

The AE analysis set included patients from PLX108-01 
and ENLIVEN. A total of 11 patients were excluded due 
to exclusion from PK modeling (n  =  7) or having no 

F I G U R E  2   Longitudinal RECIST-based tumor size pharmacokinetic/pharmacodynamic modeling. Reference is the 44-year-old patient 
presenting with a tumor in the lower extremity in a large joint. (a) Observed data: each line represents the observed tumor size measured 
over time in individual subject. (b) Forest plot for covariate effects: for each of the covariates in the final model (age, joint extremity, and 
joint size), the density represents the conditional mean drug effect at 25 weeks of onset of the drug. (c) Visual predictive check: observed 
median RECIST score (cm) is shown as the solid black line, and the 5th and 95th percentiles are shown as dashed lines. Shaded regions 
show the 95% confidence intervals around each quartile of interest (the median and the 90% prediction interval). Binning intervals are 
shown with the rug across the top of the image. No parameter uncertainty was included in simulations. Cavg, average drug concentration; 
RECIST, Response Evaluation Criteria in Solid Tumors
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postbaseline laboratory values (n = 4), resulting in a popu-
lation of 241 patients. Of these, one patient was excluded 
from the analysis because of ALT >3× ULN, one patient 
was excluded from the analysis because of AST >3× ULN 
and >5× ULN, and five patients were excluded from the 
analysis because of TBIL >ULN due to meeting the AE 
criteria at baseline. Demographics and baseline variables 
of the AE population are summarized in Table S4.

Although there was a large variability in observed ALT 
and AST values, ALT/AST showed similar trends over 
time with an initial increase after treatment initiation 
followed by a gradual decline. Clinical observations from 
ENLIVEN suggested a lower rate of aminotransferase ele-
vations (30.0% vs. 41.0%) in the crossover subjects who re-
ceived pexidartinib 800 mg/day versus those who received 
1000 mg/day for 14 days followed by 800 mg/day.

In Kaplan–Meier estimates of the time-to-event dis-
tributions, there was a probable relationship between 
pexidartinib exposure in weeks 0–2 and the incidence of 
ALT >3× ULN (Figure 4a). Higher exposure tended to be 
associated with a higher incidence and rate of AE onset, 
and most ALT >3× ULN events occurred within the first 
16 weeks of treatment.

Among the three base models (Emax, log-linear, and 
linear), the log-linear model had the lowest leave-one-out 
information criterion and therefore was selected for fur-
ther covariate modeling. Parameter estimates of the final 
full model for ALT >3× ULN are presented in Table S5. 
Adjusting for covariates, the estimated exposure–response 
slope was 0.34 (90% CrI, 0.14, 0.67). Across a range of av-
erage pexidartinib concentrations from 2000 ng/mL (5th 
percentile) to 8000  ng/mL (95th percentile), the hazard 
ratio (HR) ranges from approximately 0.75 to 1.15.

Figure  4b illustrates the effect of covariates on the 
incidence of ALT >3× ULN. The HR for ALT >3× ULN 
was significantly lower in men versus women (HR, 0.48; 

90% CrI, 0.24, 0.97), non-TGCT versus TGCT (HR, 0.20; 
90% CrI, 0.08, 0.47), and placebo crossover patients ver-
sus those who received pexidartinib at randomization 
(HR, 0.40; 90% CrI, 0.14, 0.97). The visual predictive check 
showed that the full covariate model reliably captured the 
time-to-event distribution for ALT >3× ULN events when 
stratified by quartile of pexidartinib exposure (Figure 4c).

The Kaplan–Meier estimates of the time-to-event dis-
tribution also showed a relationship between pexidartinib 
exposure in the weeks 0–2 time interval and the incidence 
of AST >3× ULN (Figure 5a). Men (HR, 0.45; 90% CrI, 0.2, 
0.93), non-TGCT (HR, 0.24; 90% CrI, 0.1, 0.56), and pla-
cebo crossover patients (HR, 0.28; 90% CrI, 0.08, 0.75) had 
significantly lower HRs for AST >3× ULN (Figure 5b).

The Kaplan–Meier estimate found a very shallow 
exposure–response relationship for TBIL (>1× ULN or 
>2× baseline). No statistically significant relationship was 
identified, possibly because of the low frequency of these 
events.

Population simulations

Model-predicted outcomes based on dose are summa-
rized in Table 2. Predicted ORR at Week 25 increased as 
the daily dose increased from 400 mg/day to 800 mg/day 
but with no discernable difference between the 800 mg/
day and 1000/800 mg/day regimens. Similar results were 
observed for TVS-based ORR with the probability of OR 
increasing from 0.47 (90% CrI, 0.33, 0.59) at 400 mg/day 
to 0.57 (90% CrI, 0.47, 0.66) at 1000 mg/day. In the popu-
lation simulations, the predicted incidence rates of ALT 
and AST elevations were lower for the 600  mg/day and 
400 mg/day regimens versus the higher dose groups. For 
example, the predicted median probability of ALT >3× 
ULN within 16 weeks of the start of dosing ranged from 

F I G U R E  3   Logistic regression of Response Evaluation Criteria in Solid Tumors–based response: (a) probability of a PR or CR from final 
model stratified by joint size, (b) posterior predictive check for probability of PR or CR, and (c) posterior predictive check for probability of 
CR. Cavg, average drug concentration; CR, complete response; ORR, overall response rate; PR, partial response
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22% for the 800-mg and 1000-mg daily regimens to 18% for 
the 400-mg daily regimen.

DISCUSSION

This is the first report to describe a comprehensive 
exposure–response analysis evaluating the exposure effects 
on the efficacy and safety of pexidartinib in adult patients 
with TGCT with locally advanced disease. Overall, results 
of the longitudinal and ORR analyses both suggested that 
increased exposure is generally associated with increased 
efficacy, although the exposure–response relationship 
was generally shallow. In the safety exposure–response 

analysis, a probable relationship between increased pex-
idartinib exposure and the risk of hepatic toxicity was de-
tected, especially in the first 2 weeks of treatment.

Dose selection of anticancer agents is conventionally 
based on dose-escalation trials in which only a limited 
number of patients receive a prespecified dose. Exposure–
response analyses can overcome several of these limita-
tions and are now commonly used to support dose selection 
and recommendations during drug development.9,10 For 
the efficacy analysis, both continuous (via longitudinal 
tumor size dynamics) and categorical (via ORR analysis) 
parameters were assessed. The use of both types of anal-
ysis provides complementary information. Evaluation of 
continuous variables when assessing tumor dynamics is 

F I G U R E  4   Time-to-event modeling of ALT >3× ULN. Reference individual is a 44-year-old, 80 kg, White female with a baseline ALT/
ULN of 0.48 in the ENLIVEN who did not cross over from placebo: (a) Kaplan–Meier plot of probability of event-free survival by Cavg 
quartile, (b) forest plot of covariate effects, and (c) visual predictive check. Q1, Q2, Q3, and Q4 refer to Quartiles 1, 2, 3, and 4, respectively, 
of Cavg, where Q1 has the lowest Cavg and Q4 has the highest Cavg. ALT, alanine aminotransferase; Cavg, average drug concentration; TGCT, 
tenosynovial giant cell tumor; ULN, upper limit of normal
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F I G U R E  5   Time-to-event modeling of AST >3× ULN. Reference individual is a 44-year-old, 80 kg, White female with a baseline AST/
ULN of 0.53 in the ENLIVEN study population who did not cross over from placebo. (a) Kaplan–Meier plot of probability of event-free 
survival by Cavg quartile: time to AST >3× ULN by pexidartinib exposure quartile in the weeks 0–2 time interval. (b) Forest plot of covariate 
effects: hazard ratio for AST >3× ULN. (c) Visual predictive check: time to AST >3× ULN stratified by quartile of average concentration in 
weeks 0–2. Q1, Q2, Q3, and Q4 refer to Quartiles 1, 2, 3, and 4, respectively, of Cavg, where Q1 has the lowest Cavg and Q4 has the highest 
Cavg. AST, aspartate aminotransferase; Cavg, average drug concentration; TGCT, tenosynovial giant cell tumor; ULN, upper limit of normal
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particularly useful because efficacy data are not lost, and 
the analysis allows for the assessment of other doses and 
schedules.11 Average exposure metrics Cavg and average 
daily area under the curve (AUCdavg) were selected as 
the primary exposure metrics in exposure–efficacy and 
exposure–safety analysis over others because they re-
flect average drug exposure over pexidartinib treatment 
course and take into account dose reduction or interrup-
tion during the treatment. Pairwise correlation of four 
summary exposure measures (AUCdavg, minimum con-
centration in the dosing interval following the Week 25 
morning dose [Cmin], maximum concentration in the dos-
ing interval [Cmax], and area under the concentration-time 
curve steady state [AUCss]) showed high correlations of 
0.882, 0.891, and 0.91 between AUCdavg and Cmin, Cmax and 
AUCss, respectively. For the ORR exposure–response anal-
yses, sensitivity analysis was conducted by using Cmin as 
the exposure metric. Qualitatively, the results using Cmin 
were the same as the results of models using AUCdavg, with 
an estimated shallow exposure–response relationship. A 
positive exposure–response relationship was shown for 
efficacy in patients with TGCT treated with pexidartinib. 
There were several differences between models regarding 
covariates included in the final model, with joint size, 
joint extremity, and age included in the longitudinal anal-
ysis and joint size, age, and weight included in the ORR 
analysis. Both analyses also indicated that joint size was 
the most important covariate, with small joint involve-
ment associated with a greater probability of response 
compared with large joint involvement. This result is con-
sistent with clinical observations that patients with small 
joint involvement tend to have a greater response com-
pared with those with large joint involvement. However, 
the reasons for this finding are unclear, and it is possible 
that this result may be confounded by other factors.

In the exposure–response analysis of hepatic safety 
(i.e., increased ALT, AST), there was a probable relation-
ship between increased pexidartinib exposure and the risk 
of hepatic events, with the relationship most apparent in 
the first 2 weeks of treatment. There was also a lower risk 
of liver transaminase elevations in men versus women, 

in non-TGCT disease versus TGCT, and in placebo cross-
over patients versus patients originally assigned to pexi-
dartinib. This last finding suggests that the 1000-mg dose 
during the first 2 weeks of therapy increases the risk of 
aminotransferase elevations. Due to the unpredictable 
risk of serious mixed or cholestatic hepatic injury seen 
in the clinical trials, monitoring of liver tests is required 
every week for the first 8 weeks and biweekly for the third 
month,3,4 which is accepted as the period of maximal risk 
(the first 8  weeks of treatment). Dose modifications for 
pexidartinib (early withholding treatment for liver test 
monitoring, dose reduction in 200-mg increments, and/or 
permanent discontinuation) have been established.2

The population simulations suggest that there is in-
creased efficacy when the dose is increased from 400 mg/
day (200 mg twice daily [b.i.d.]) to 800 mg/day (400 mg 
b.i.d.). However, a higher initial dose (1000 mg; 400 mg 
AM + 600  mg PM) during the first 2  weeks does not 
further improve efficacy. The analysis also suggested an 
increased risk of AEs with higher doses. Overall, these 
results suggest that the currently recommended dose of 
800  mg (400  mg b.i.d.) is reasonable for the general pa-
tient population. When necessary, based on monitoring 
liver tests, dose modification/reduction may be required.

The primary limitation of the analysis is the limited dose 
range included in the analysis and the small numbers of 
patients in several of the covariate groups, which limit the 
ability to determine whether exposure–response effects are 
statistically significant. In addition, there could potentially 
be other confounding factors not assessed in the current 
analysis that may have a meaningful effect on pexidartinib 
exposure–response relationships. For example, small joint 
size was shown to be associated with greater response com-
pared with large joints; however, the mechanism remains 
unclear and could be impacted by other confounding factors.

CONCLUSION

This exposure–response analysis along with the clinical 
efficacy and safety data show that pexidartinib 800  mg/

Dose
RECIST-based 
ORR ALT >3× ULN AST >3× ULN

400 mg/day 0.25 (0.15, 0.36) 0.18 (0.12, 0.24) 0.18 (0.13, 0.25)

600 mg/day 0.29 (0.20, 0.38) 0.20 (0.14, 0.27) 0.20 (0.14, 0.27)

800 mg/day 0.32 (0.23, 0.42) 0.22 (0.15, 0.29) 0.22 (0.16, 0.30)

1000/800 mg/day 0.32 (0.23, 0.42) 0.22 (0.15, 0.30) 0.23 (0.16, 0.30)

Note:: Data are provided as median (90% credible interval).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CrI, credible interval; 
ORR, overall response rate; RECIST, Response Evaluation Criteria in Solid Tumors; ULN, upper limit of 
normal.

T A B L E  2   Model-predicted event rate 
at different doses
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day (400  mg b.i.d.) is the appropriate dose for patients 
with TGCT.
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