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Abstract
Cabozantinib, a multi-kinase inhibitor, is approved in the United States and European Union for treatment of patients with

hepatocellular carcinoma following prior sorafenib treatment. In the Phase III CELESTIAL trial, hepatocellular carcinoma

patients receiving cabozantinib showed longer overall survival (OS) and progression-free survival (PFS) than those

receiving placebo. The approved cabozantinib (Cabometyx�) dose is 60 mg once daily with allowable dose modifications

to manage adverse events (AE). Time-to-event Cox proportional hazard exposure–response (ER) models were developed to

characterize the relationship between predicted cabozantinib exposure and the likelihood of various efficacy and safety

endpoints. The ER models were used to predict hazard ratios (HR) for efficacy and safety endpoints for starting doses of

60, 40, or 20 mg daily. Statistically significant relationships between cabozantinib exposure and efficacy and safety

endpoints were observed. For efficacy endpoints, predicted HR were lower for OS and PFS at 40 and 60 mg relative to the

20 mg dose: HR for death (OS) are 0.84 (40 mg) and 0.70 (60 mg); HR for disease progression/death (PFS) are 0.73

(40 mg) and 0.62 (60 mg). For safety endpoints, predicted HR were lower for palmar-plantar erythrodysaesthesia (PPE),

diarrhea, and hypertension at 20 or 40 mg relative to the 60 mg dose: HR for PPE are 0.31 (20 mg) and 0.66 (40 mg); HR

for diarrhea are 0.61 (20 mg) and 0.86 (40 mg); HR for hypertension are 0.46 (20 mg) and 0.76 (40 mg). The rate of dose

modifications was predicted to increase in patients with lower cabozantinib apparent clearance. OS and PFS showed the

greatest benefit at the 60 mg dose. However, higher cabozantinib exposure was predicted to increase the likelihood of AE

and subsequent dose reductions appeared to decrease these risks.
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Introduction

Liver cancer was the fourth leading cause of cancer death

in 2015 and led to 810,000 deaths globally that year [1].

Hepatocellular carcinoma is the most common type of

primary liver cancer with several genomic defects impli-

cated in its heterogenous pathways for hepatocarcinogen-

esis [2]. Cabozantinib is an inhibitor of multiple receptor

tyrosine kinases with potent activity against MET,

VEGFR2, RET, AXL, and KIT [3], in which targeting

MET is thought to overcome sorafenib resistance in hep-

atocellular carcinoma [4].

Recently, the cabozantinib tablet formulation

(Cabometyx�) was approved in the United States and the

European Union at a 60 mg free-base-equivalent (FBE)

daily dose for the treatment of patients with hepatocellular

carcinoma who have been previously treated with sorafenib

[5, 6]. The hepatocellular carcinoma indication was based

on results from the randomized placebo-controlled Phase

III trial (CELESTIAL) in advanced hepatocellular carci-

noma patients (99% had Child–Pugh A classification) [7].

The CELESTIAL trial showed significant improvement in

overall survival (OS) for cabozantinib with median OS of

10.2 months for cabozantinib as compared to 8.0 months

for placebo (hazard ratio [HR] for death, 0.76; 95% con-

fidence interval, 0.63 to 0.92; p value = 0.005).
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In CELESTIAL, adverse events (AE) were managed

with dose modifications (dose reduction or hold) and sup-

portive care [7]. A total of 62% of subjects in the

cabozantinib arm and 13% of subjects in the placebo arm

had a dose reduction due to an AE [7]. The median time to

first dose reduction due to AE was 38 days in the

cabozantinib arm [7]. Exposure–response (ER) models

were developed to understand the relationship between

cabozantinib exposure and the likelihood of various end-

points, including OS, progression-free survival (PFS), AE,

and dose modification. The ER models were used to predict

the HR for efficacy and safety endpoints for starting

cabozantinib doses of 60, 40 or 20 mg daily and to support

the rationale for dose modification in hepatocellular car-

cinoma patients.

Methods

Study design

All protocols were approved by institutional review boards

of participating institutions and written informed consent

was obtained from patients prior to enrollment. The ER

models were developed using data from the CELESTIAL

Phase III, randomized, double-blind, controlled study of

cabozantinib versus placebo in hepatocellular carcinoma

patients who have received prior sorafenib treatment [7]. A

total of 707 patients were randomly assigned in a 2:1 ratio

to receive a cabozantinib dose of 60 mg tablet FBE daily or

matching placebo. Treatment hold and dose reduction in

20 mg increments based on specific tolerability issues were

permitted. Randomization was stratified based on etiology

of disease (hepatitis B virus with or without hepatitis C

virus, hepatitis C virus without hepatitis B, or other),

geographic region (Asia versus other regions), and the

presence of extrahepatic spread of disease and/or

macrovascular invasion (yes or no).

Bioanalytical PK assay

Blood samples for PK assessment were collected at

approximately 8 or more hours after the prior evening’s

dose on days 15, 29, and 57. Cabozantinib concentrations

in plasma matrix were quantified using a validated liquid

chromatographic–tandem mass spectrometry assay, with

0.5 ng/mL as the lower limit of quantification [8].

Software

The time-to-event analyses were performed using the Cox

proportional hazards regression (PHREG) procedure within

SAS v 9.3 (SAS Institute, Cary, NC). Post-processing of

model output was performed using SAS, S-Plus v 8.2

(TIBCO, Palo Alto, CA), or R v 3.1.0 (R Foundation,

Vienna, Austria) software. Graphical analysis of the data or

output from the models was performed using S-Plus or R.

Population pharmacokinetics

The ER modeling was a sequential two-step pharmacoki-

netic/pharmacodynamic (PK/PD) fitting process. Initially, a

cabozantinib population pharmacokinetic (PPK) model was

developed using data pooled from 10 clinical studies

totaling 2023 subjects, including 489 hepatocellular carci-

noma patients (99% with Child–Pugh class A mild liver

impairment). Methods for PPK model development used in

this ER modeling was described in a previous manuscript

[9]. From the PPK model, the predicted PK parameters and

exposures using actual dosing history from hepatocellular

carcinoma patients in the CELESTIAL trial were used in

the second step to develop ER models for selected

endpoints.

Exposure response analysis for time-to-event
endpoints

Efficacy and safety endpoints

Efficacy endpoints include OS (C 12 weeks survival) and

PFS (defined as the time from randomization to radio-

graphic progression by the independent radiology com-

mittee according to Response Evaluation Criteria in Solid

Tumors version 1.1 or death from any cause, whichever

occurred first). The severity of AE was assessed by the

investigator according to the National Cancer Institute

Common Terminology Criteria for AE version 4.0. The

safety endpoints evaluated included dose modifications,

fatigue (grade C 3), palmar-plantar erythrodysesthesia

syndrome (PPE, grade C 1), nausea or vomiting (N/V,

grade C 3), diarrhea (grade C 3), hypertension (HTN,

systolic blood pressure[ 160 mmHg or diastolic blood

pressure[ 100 mmHg), alanine/aspartate aminotrans-

ferase (ALT/AST) elevation (Grade C 3), and total

bilirubin elevation (Grade C 3).

Dataset construction

At least one measurable PK concentration was required for

the ER analysis dataset for response endpoints to link with

individual predicted cabozantinib exposure. For the OS

endpoint, intent-to-treat (ITT) hepatocellular carcinoma

patients from CELESTIAL must receive cabozantinib for

at least 12 weeks. Patient population in PFS included ITT

hepatocellular carcinoma patients with an evaluable valid

baseline and at least one post-baseline tumor assessment.
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For safety endpoints, hepatocellular carcinoma patients

were required to receive at least one dose of the study

medication.

Censorship for OS was the last known date to be alive or

study cutoff date. For PFS, censoring rules included: date

of last tumor assessment from post-randomization for

subjects without event at time of data cutoff and date of

most recent tumor assessment prior to missing two or more

scheduled tumor assessments followed by an event. Cen-

soring time for AE was the date of the last dose plus

30 days, date of death, or study cutoff date (if date of last

dose or death date is missing), whichever was earlier. For

dose modification, censoring occurred at study drug dis-

continuation date or the study cutoff date. Censorship was

the date of the last dose if discontinuation reasons were not

due to the AE, while the event was assigned on the date

after the date of last dose if discontinuation reasons were

related to AE. Supplementary Table S1 summarizes the

details for dataset construction including analysis popula-

tion and censorship per clinical endpoint.

Exposure metrics

Specific exposure metrics were evaluated for each efficacy

and safety endpoint and were selected to be consistent with

a previous ER analysis in renal cell carcinoma (RCC)

patients [10]. The exposure metric for the OS analysis was

the average cabozantinib concentration (Cavg) calculated

over the 28 days prior to the Week 12 landmark (CavgOS).

For PFS, the exposure measures were the Cavg calculated

over the 3 weeks prior to time of response measure

(Cavg3W) and the Cavg calculated from time zero to time of

event or censoring (CavgAT). Considering that apparent

clearance (CL/F) is log normally distributed, a log trans-

formed CL/F (logCLF) was evaluated as the exposure

metric for dose modifications in addition to the untrans-

formed CL/F. Exposure measures for all safety endpoints

included Cavg calculated over the 2 weeks prior to time of

response measure (Cavg2W) and the CavgAT. These two-

exposure metrics were selected to address potential

cumulative effects of cabozantinib on the incidence of an

event. For HTN AE, the Cavg was calculated over 24 h

prior to time of response measure (Cavg1D) in place of

Cavg2W. The cumulative area under the cabozantinib

concentration time curve from time zero to event or cen-

soring (AUCAT) was also evaluated for PFS and all safety

endpoints in prior RCC ER models. However, AUCAT was

not a significant exposure for all endpoints evaluated in

RCC ER analysis. Therefore, AUCAT was not included in

this HCC ER analysis. In addition, treatment effects (bi-

nary as active or placebo arms) were considered for all

clinical endpoints. Supplementary Table S1 provides a

summary of exposure metrics used for analyses for each

clinical endpoint.

Exploratory data analysis

Kaplan–Meier (KM) plots were generated to initially

explore the relationship between cabozantinib exposure

and clinical endpoints. During the exploratory steps for

model development, the KM plots were prepared for effi-

cacy and safety endpoints stratified by tertiles of individual

model predicted CavgAT. The exposures used in the

exploratory phase were predicted using the PPK model and

actual dosing data collected during the study. For time to

first dose modification, KM plots were stratified by tertiles

of individual model predicted CL/F.

Cox proportional hazards model

The Cox proportional hazards (CPH) models quantitated

the relative hazard for each clinical endpoint. Only the time

to the first event was considered for safety analyses due to

the challenges in both implementation and interpretation of

results when incorporating different types of supportive

care measures (e.g., administration of antidiarrheal medi-

cation) following the first event.

The general form of the CPH model is given by the

expression:

h t;X tð Þð Þ ¼ ho tð Þ � exp b � X tð Þð Þ ð1Þ

where h(t, X(t)) denotes the hazard at time t, ho(t) is the

background hazard function, b is a vector of the regression

coefficients, and X(t) is a matrix of covariates which may

vary with time. Tied event times were handled by the exact

method. The CPH model is a semi-parametric model in that

the outcome variable (e.g., survival time) does not rely on

distributional specifications (e.g., Weibull, exponential,

log-logistic, lognormal) as required in parametric models.

In addition, the baseline survival (or hazard) function ho(t)

does not need specification. With these advantages, the

CPH model is robust in that the results will closely

approximate the results of a correct parametric model.

Model development

The impact of cabozantinib exposure on the relative hazard

was evaluated in the base model stage of development. In

CPH models, explanatory effects (e.g., exposure) are typ-

ically added in a linear fashion to the log hazard. The linear

functional form was used to represent the initial base

model; however, nonlinearity in the ER relationship was

also evaluated. Maximum effect (Emax)-type models were

evaluated across a range of fixed values for the exposure

measure (e.g., Cavg) that results in one half of the maximum

Journal of Pharmacokinetics and Pharmacodynamics (2019) 46:577–589 579

123



drug effect (EC50). EC50 values were preset over a grid of

fixed values ranging 1–3000 ng/mL for cabozantinib con-

centration and 0.1–6 L/h for CL/F. When EC50 is fixed, the

model is linear and can be assessed in the PHREG proce-

dure in SAS. The Emax model with the lowest partial

likelihood determined which value was selected for the

EC50. Both functional forms of linear Eq. 2 and nonlinear

Eq. 3 were explored:

h t;Xex tð Þð Þ ¼ ho tð Þ � exp bex1 � Xex tð Þð Þ ð2Þ

h t;Xex tð Þð Þ ¼ ho tð Þ � exp bex2 �
Xex tð Þ

Xex tð Þ þ EC50

� �
ð3Þ

where Xex(t) is the cabozantinib exposure measure which

may vary with time t, bex1 represents the slope in the log-

linear model, bex2 represents the maximum drug effect in

the Emax model, and EC50 represents a range of fixed values

for the exposure at which half of the maximal effect is

achieved. A step function was also used to assess the

cabozantinib treatment effect independent of drug

exposure.

Specific exposure metrics were evaluated for each

clinical endpoint. Model development was guided by sev-

eral criteria including: changes in the partial likelihood for

hierarchical models, relative precision of the parameter

estimates between competing models, and various diag-

nostics of the residuals (martingale, deviance, and

Schoenfeld residuals).

Covariate effects

Covariate effects were assessed for the efficacy (OS and

PFS) models only. Covariates were added to the base

model simultaneously to form a full model. Clinical

judgment and mechanistic plausibility were used to deter-

mine which covariates should be evaluated. The covariates

evaluated included: baseline Eastern Cooperative Oncol-

ogy Group (ECOG) score (0 or C 1), hepatitis etiology

(hepatitis B virus or hepatitis C virus), and presence or

absence of extrahepatic spread of disease and/or

macrovascular invasion.

Following development of a stable full model, a

covariate reduction procedure was conducted to identify

the most parsimonious model. The SELECTION =

SCORE option in the PHREG procedure within SAS was

used to assess changes in the log likelihood for all com-

binations of covariate effects. To find the most parsimo-

nious model across the different number of covariates,

Schwarz’s Bayesian Criterion (SBC) was calculated and

the model with the smallest SBC was selected to be the

most parsimonious model. A backward elimination pro-

cedure was used to identify a parsimonious final model for

each efficacy endpoint.

Simulations

Using the PPK model [9] and the final CPH model for each

endpoint, simulations were performed to predict HR for

starting cabozantinib doses of 60, 40, and 20 mg in order to

understand the relationship between clinically relevant

cabozantinib exposures for each dose level in hepatocel-

lular carcinoma patients and incidence of efficacy and

safety endpoints.

Results

Clinical events and total number at risk

The number of efficacy and safety events and the number

of patients at risk in CELESTIAL trial are listed for effi-

cacy and safety endpoints in Table 1. In total, there were

467 subjects that had at least one documented cabozantinib

dose. Of those 467 subjects, 452 subjects had at least one

measurable PK concentration such that individual PK

parameters and exposure could be predicted. For the pla-

cebo arm, a total of 237 patients received at least one dose

of placebo for inclusion in the analysis.

Summary of covariate data

A summary of the covariates considered for efficacy ER

analyses is provided in Supplementary Table S2. Since

Hepatitis C (HCV) co-infected with Hepatitis B (HBV) was

less than 5% in both placebo (N = 4) and cabozantinib

(N = 8) arms, HBV/HCV-coinfected patients were grouped

into HBV. Therefore, the HBV etiology consists of HBV

with and without HCV in the analysis. Co-infected HBV/

HCV on treatment was not evaluated due to small sample

size with this etiology. Baseline ECOG values greater than

or equal to one were collapsed into one category due to

only one patient with ECOG = 2. Distribution of covariates

between cabozantinib treatment and placebo arms are

comparably similar.

Population pharmacokinetic model

The PPK model characterized the pooled PK data by a two-

compartment model with dual first- and zero-order

absorption processes and first-order elimination. Individual

observed cabozantinib concentration data collected from

CELESTIAL trial were overlaid with observed mean data,

population predictions, and individual predictions (Fig. 1a)

[9]. Results for the estimated parameters and covariate

effects included hepatocellular carcinoma cancer type and

liver dysfunction per the National Cancer Institute Organ

Dysfunction Working Group (NCI-ODWG) criteria were
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reported in a separate manuscript [9]. Using the updated

PPK model, predicted cabozantinib concentration time

curve from 0 to 24 h post-dose at steady-state for 3 dose

levels (20, 40 and 60 mg daily dose) was generated for

patients in CELESTIAL trial (Fig. 1b). Predicted steady

state average concentration versus dose stratified by sex

showed no remarkable differences between male and

female (Fig. 1c). The average steady state concentration by

liver dysfunction based on the NCI-ODWG criteria showed

minimal exposure differences between normal and mild

liver dysfunction in hepatocellular carcinoma patients

(Fig. 1d). Limited data, however, was available for patients

classified with moderate and severe liver dysfunction.

Cox proportional hazard models

The parameter summary and predicted hazard ratio with

95% confidence interval (95% CI) are provided in Tables 2

and 3, respectively, for each efficacy and safety endpoint

for the CPH models. Cabozantinib concentrations corre-

sponding to model predicted typical individual steady state

Cavg are 383 ng/mL (for 20 mg), 766 ng/mL (for 40 mg),

and 1148 ng/mL (for 60 mg). N/V and total bilirubin ele-

vation endpoints were not included due to the small fre-

quency of events (\ 5%) and none of these models resulted

in statistically significant changes compared to the model

without cabozantinib exposure, which indicated no evi-

dence to suggest exposure or treatment as important pre-

dictors for these outcomes. Examples of residuals versus

exposures for endpoints with exposure effect in the final

ER models are found in the Supplementary Figure S1 (A–

D).

Efficacy endpoints

Overall survival

The OS endpoint included only patients that received

cabozantinib or placebo treatment for at least 12 weeks.

Total patients included 52% (N = 361) of the 689 eligible

patients. The total number of death events was 147 out of

the 361 patients. The linear, nonlinear, and step function

models produced similar, statistically significant reduction

changes in the negative 2 log likelihood (D-2LL) compared

to the model without cabozantinib exposure; therefore, the

simplest linear model was selected as the base model to use

for covariate assessment and to compute HR for Cavg.

Based on the SBC criteria, the most parsimonious model

was the structural covariate model with CavgOS (Table 2).

Time-to-event curves for OS corresponding to the model

prediction for typical individual steady-state Cavg for

20 mg, 40 mg, and 60 mg once daily dosing regimens are

Table 1 Summary of number of events and number of subjects at risk in efficacy and safety analysis datasets

Endpoints Cabozantinib arm Placebo arm Total

Number of

events

Number of

subjects at risk

Number of

events

Number of

subjects at risk

Number of

eventsd
Number of

subjects at riskd

Efficacy Overall survival (death) 112 272 35 89 147 361

Progression-free survival

(progressive disease or death)

299 419 185 223 484 642

Safety Fatiguea 77 452 14 237 91 689

Nausea/vomitinga 10 452 6 237 16 689

Palmar-plantar erythrodysesthesia

syndromeb
217 452 12 237 229 689

Diarrheaa 46 452 4 237 50 689

Hypertensionc 124 452 13 237 137 689

Alanine/aspartate

aminotransferase elevationa
64 452 16 237 80 689

Total bilirubin elevationa 13 452 4 237 17 689

Dose Modification 369 452 74 237 369e 452e

aAdverse event of Grade 3 or higher
bAdverse event of Grade 1 or higher
cSystolic blood pressure (BP)[ 160 mmHg or Diastolic BP[ 100 mmHg
dTotal number of events and number at risk include subjects with at least one measurable cabozantinib concentration and subjects receiving at

least one dose of placebo
eOnly cabozantinib treated patients were evaluated in the analysis for dose modification
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illustrated in Fig. 2. The plot shows improved OS with

increasing cabozantinib concentration for those subjects

that received cabozantinib for at least 12 weeks. The pre-

dicted HR for OS (representing risk of death) were 0.84

(95% CI, 0.73 to 0.96) for 40 mg and 0.70 (95% CI, 0.54 to

0.92) for 60 mg based on predicted exposures relative to a

20 mg dose (Table 3).

Progression-free survival

The PFS endpoint included 642 patients (93% of 689) with

an evaluable baseline and at least one post-baseline tumor

assessment. Total disease progression or death events were

484 from the 642 patients. Cavg3W and CavgAT were two

possible cabozantinib exposure measures evaluated in the

linear and nonlinear models for PFS. The nonlinear model

using Cavg3W as the cabozantinib exposure measure had

the lowest D-2LL value and was selected as the final base

model (Table 2). Figure 3 illustrates the impact of selected

cabozantinib exposure values on the predicted time-to-

event curves. The predicted HR for PFS (representing risk

of disease progression or death) were 0.73 (95% CI, 0.70 to

0.77) for 40 mg and 0.62 (95% CI, 0.58 to 0.67) for 60 mg

Fig. 1 Population pharmacokinetic model predictions for CELES-

TIAL trial patients. a Individual observed cabozantinib pharmacoki-

netic data (open circles) from days after first dose overlaid with

observed arithmetic mean data, population predictions, and individual

predictions. b Predicted cabozantinib concentration time curve from 0

to 24 h post-dose at steady state for 20, 40 and 60 mg daily dose.

c Predicted average cabozantinib concentration over 24 h at steady

state versus 20, 40, and 60 mg daily dose stratified by sex. d Mean

and standard deviation of predicted average cabozantinib concentra-

tion over 24 h for 60 mg at steady state stratified by National Cancer

Institute Organ Dysfunction Working Group (NCI-ODWG) criteria

for liver dysfunction
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based on predicted exposures relative to a 20 mg dose

(Table 3).

Covariate effects

No significant covariates were identified in addition to the

CavgOS structural covariate for the OS model. The most

parsimonious model for PFS included the following three

covariates: average cabozantinib exposure over the previ-

ous 3 weeks (bEXNL), hepatitis B virus etiology (bHepB),
and their interactions (bEXNL*HepB). Patients with increas-

ing cabozantinib concentrations were predicted to have a

decreased rate of progressive disease or death (i.e., a

decreasing hazard ratio with increasing concentration). In

addition, hepatocellular carcinoma patients with hepatitis B

virus etiology were predicted to have a higher background

rate of progressive disease or death. However, the differ-

ence in HR between patients with and without hepatitis B

virus was predicted to diminish with increasing cabozan-

tinib concentration as illustrated in Supplementary

Figure S2.

Safety endpoints

Dose modifications A total of 452 patients were included

in the analysis to understand the relationship between

individual predicted cabozantinib CL/F and the rate of dose

modifications. Based on D-2LL value, the linear model

using log transformed CL/F performed better than the

linear model with untransformed CL/F but was comparable

to the nonlinear model. The log-linear CL/F model was

selected over the nonlinear model. Figure 4 illustrates the

impact of selected cabozantinib CL/F values on the pre-

dicted time-to-event curves. The median individual pre-

dicted CL/F for CELESTIAL patients was 1.95 L/h. One

unit up (= 2.95 L/h) and one unit down (= 0.95 L/h) from

1.95 L/h was used to demonstrate high (* 50% increased)

and low (* 50% decreased) CL/F, respectively, as com-

pared to the median CL/F. The time-to-event curves show

the predicted fraction without dose modifications over time

for CL/F values of 0.95, 1.95 and 2.95 L/h. A statistically

significant relationship between individual predicted

cabozantinib clearance and the rate of dose modifications

showed decreased cabozantinib clearance and the corre-

sponding increased cabozantinib exposure were predicted

to increase the rate of dose modifications. HR were 1.82

(95% CI, 1.52 to 2.19) for 0.95 L/h and 0.71 (95% CI, 0.64

to 0.79) for 2.95 L/h for dose modifications based on

predicted CL/F relative to 1.95 L/h (Table 3). For a typical

patient with a median cabozantinib CL/F of 1.95 L/h, the

model predicted that 50% of patients on cabozantinib

treatment would undergo the first dose modification by

28 days.

Table 2 Cox proportional hazard models and parameters

Endpoint Model Exposure

metric

EC50 Parameter Estimate Standard

error

P-value

Overall survival Linear CavgOS bCavgOS - 4.65 9 10-4 1.79 9 10-4 0.01

Non-linear Cavg3W 500 bEXNL - 1.67 0.20 \ 0.0001

Progression-free survival bHepB 0.55 0.13 \ 0.0001

bEXNL*HepB - 0.59 0.31 0.057

Dose modification Log-linear logCLF blogCLF - 0.84 0.13 \ 0.0001

Palmar-plantar

erythrodysesthesia syndrome

Non-linear Cavg2W 500 bEXNL 4.47 0.42 \ 0.0001

Diarrhea Non-linear Cavg2W 200 bEXNL 2.53 0.66 0.0001

Hypertension Non-linear Cavg1D 500 bEXNL 2.94 0.41 \ 0.0001

Fatigue Step function: Placebo versus

cabozantinib

Treatment bTRT 0.94 0.29 0.001

Alanine/aspartate

aminotransferase elevation

Step function: Placebo versus

cabozantinib

Treatment bTRT 0.60 0.28 0.03

bCavgOS the change in the log hazard ratio per unit change in CavgOS, bEXNL maximum change in the log hazard ratio, blogCLF the change in the

log hazard ratio per unit change in logCLF, bTRT change in the log hazard ratio due to treatment, Cavg1D average cabozantinib concentration

calculated over the 24 h prior to time of response measure, Cavg2W average cabozantinib concentration calculated over the two weeks prior to

time of response measure, Cavg3W average cabozantinib concentration calculated over the three weeks prior to time of response measure, CavgOS

average cabozantinib concentration over the 28 days prior to the Week 12 landmark, EC50 concentration producing half of the maximum effect,

EXNL (Exposure Metric)/(EC50 ? (Exposure Metric)), EXNL*HepB statistical interaction between HepB and EXNL, HepB hepatitis B virus

etiology, logCLF log apparent clearance
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Adverse events A nonlinear model with exposure mea-

sure Cavg2W for PPE and diarrhea and Cavg1D for HTN

was selected as the final model due to its statistically sig-

nificant in D-2LL compared to the model without

cabozantinib exposure. The parameter estimates indicated

that decreases in Cavg result in decreases in the rate of PPE,

diarrhea, and HTN (Table 2). Figure 5(a–c) shows pre-

dicted fractions of subjects without PPE (A), diarrhea (B),

or HTN (C) over time for predicted steady state Cavg at

various daily doses. HR were 0.31 (95% CI, 0.25 to 0.38)

for 20 mg and 0.66 (95% CI, 0.62 to 0.72) for 40 mg for

PPE, 0.61 (95% CI, 0.48 to 0.78) for 20 mg and 0.86 (95%

CI, 0.80 to 0.93) for 40 mg for diarrhea, and 0.46 (95% CI,

0.37 to 0.57) for 20 mg and 0.76 (95% CI, 0.71 to 0.82) for

40 mg for HTN from predicted exposures relative to a

60 mg dose (Table 3).

A statistically significant cabozantinib treatment effect,

but not cabozantinib plasma concentration effect, was

detected for fatigue and ALT/AST elevation endpoints. A

higher rate of event for fatigue with HR 2.57 (95% CI, 1.45

to 4.55) and for ALT/AST elevation with HR 1.82 (95%

CI, 1.05 to 3.15) was predicted for cabozantinib compared

to placebo treatment.

Table 3 Predicted hazard ratios
Treatment or exposure measure Hazard ratio 95% Confidence interval

Overall survival

20 mg 1.00 (1.00, 1.00)

40 mg 0.84 (0.73, 0.96)

60 mg 0.70 (0.54, 0.92)

Progression-free survival

20 mg 1.00 (1.00, 1.00)

40 mg 0.73 (0.70, 0.77)

60 mg 0.62 (0.58, 0.67)

Dose modification

CL/F = 0.95 L/h 1.82 (1.52, 2.19)

CL/F = 1.95 L/h 1.00 (1.00, 1.00)

CL/F = 2.95 L/h 0.71 (0.64, 0.79)

Palmar-plantar erythrodysesthesia syndrome

60 mg 1.00 (1.00, 1.00)

40 mg 0.66 (0.62, 0.72)

20 mg 0.31 (0.25, 0.38)

Diarrhea

60 mg 1.00 (1.00, 1.00)

40 mg 0.86 (0.80, 0.93)

20 mg 0.61 (0.48, 0.78)

Hypertension

60 mg 1.00 (1.00, 1.00)

40 mg 0.76 (0.71, 0.82)

20 mg 0.46 (0.37, 0.57)

Fatigue

Placebo 1.00 (1.00, 1.00)

Cabozantinib 2.57 (1.45, 4.55)

Alanine/aspartate aminotransferase elevation

Placebo 1.00 (1.00, 1.00)

Cabozantinib 1.82 (1.05, 3.15)

Cabozantinib concentrations corresponding to model predicted typical individual steady-state average

concentrations are 383 ng/mL for 20 mg, 766 ng/mL for 40 mg, and 1148 ng/mL for 60 mg. CL/

F = apparent clearance
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Discussion

The CELESTIAL trial investigated cabozantinib’s efficacy

and safety in hepatocellular carcinoma patients. Patients

received a cabozantinib dose of 60 mg or placebo once

daily and could reduce the dose, as necessary, to first

40 mg then to 20 mg based on tolerability. ER models

were developed to understand the relationship of

cabozantinib exposure and the likelihood of selected

efficacy and safety endpoints and the rationale for dose

modification for hepatocellular carcinoma patients. The ER

modeling was a sequential two-step PK/PD fitting process.

First, actual dosing history from hepatocellular carcinoma

patients from CELESTIAL was used in the PPK model to

predict individual PK parameters and exposures. Second,

these PK parameters and exposures were used to develop

CPH models for each endpoint. Using the final ER models,

simulations were performed for starting cabozantinib doses

Fig. 2 Predicted time-to-event

curves for overall survival. The

solid line represents the fraction

of subjects at each dose level

without death over time. The

dashed lines represent 95%

confidence intervals. CAVG

indicates predicted average

cabozantinib concentration at

steady state corresponding to

dose level 20, 40, or 60 mg

Fig. 3 Predicted time-to-event

curves for progression-free

survival. The solid line

represents the fraction of

subjects at each dose level

without progression of disease

or death over time. The dashed

lines represent 95% confidence

intervals. CAVG indicates

predicted average cabozantinib

concentration at steady state

corresponding to dose level 20,

40, or 60 mg
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of 60, 40, and 20 mg to predict the likelihood of efficacy

and safety endpoints in hepatocellular carcinoma patients.

These simulations were based on ideal condition of no dose

modifications (no dose reductions or hold).

A total of 689 eligible patients from the CELESTIAL

trial were included in the ER analysis. Requirements for

the cabozantinib arm (N = 452) included at least one

documented cabozantinib dose and at least one measurable

PK concentration, which was needed to derive PK

parameters and exposure for ER analysis. For the placebo

arm (N = 237), patients were required to receive at least

one dose of placebo. OS and PFS endpoints have different

eligibility for inclusion in the analysis population. OS

endpoint evaluated survival in only patients that lived long

enough to receive at least 12 weeks of treatment. In con-

trast, PFS endpoint required a baseline tumor assessment

and at least one evaluable post-baseline tumor assessment.

The analysis population for OS included 52% (N = 361) of

the 689 eligible patients, while the PFS population included

93% (N = 642) of the 689 eligible patients. Therefore,

some patients in the OS analytic dataset were not in the

PFS. Although dose modification was evaluated for both

cabozantinib treated and placebo arms in CELESTIAL, the

ER analysis for dose modification only included patients in

the cabozantinib treated arm.

For efficacy, the relationship of OS and PFS with Cavg

was statistically significant. With increasing plasma

cabozantinib exposure, OS was longer and the rate of

cancer progression or death decreased. Patients with hep-

atocellular carcinoma dosed at 60 mg daily of cabozantinib

will result in steady state average concentration of

1148 ng/mL with predicted median overall survival of

576 days compared to 381 days if treated with placebo. For

safety, statistically significant relationships were identified

between Cavg and PPE, diarrhea and HTN. Cabozantinib

treatment effect, but not Cavg effect, was found statistically

significant for fatigue and ALT/AST elevation. A statisti-

cally significant relationship was identified between indi-

vidual predicted cabozantinib clearance and the rate of

dose modifications. Decreases in cabozantinib clearance

were predicted to increase the rate of dose modifications.

Higher cabozantinib exposures were predicted to increase

likelihood of AE and subsequent dose reductions appeared

to decrease the risk of AE.

Patients with higher clearance values eliminate

cabozantinib faster and therefore have lower cabozantinib

exposure. The increased cabozantinib clearance and the

corresponding decreased cabozantinib exposure are pre-

dicted to decrease the rate of dose modifications. For

example, a patient with a cabozantinib clearance of 0.95

L/h is predicted to have a 1.82 times greater risk of dose

modification relative to a patient with an apparent clear-

ance of 1.95 L/h.

To demonstrate that the rate of dose modifications was

predicted to increase in patients with lower cabozantinib

apparent clearance (CL/F), 28 days was selected as the

cutoff since this was the duration it took for 50% of

patients with typical CL/F of 1.95 L/h to undergo dose

modification based on the model. The analytic dataset for

dose modification for cabozantinib included 452 patients

with individual predicted CL/F from the PPK model, event

status, duration to first dose modification (dose hold or

Fig. 4 Predicted time-to-event

curves for dose modification for

selected values of cabozantinib

apparent clearance. The solid

line represents the fraction of

subjects at each selected value

(0.95, 1.95, or 2.95 L/h) of

cabozantinib apparent clearance

(CL/F) without dose

modification over time. The

dashed lines represent 95%

confidence intervals
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Fig. 5 Predicted time-to-event

curves for a Palmar-plantar

erythrodysesthesia syndrome,

b diarrhea, and c hypertension.

The solid line represents the

fraction of subjects at each dose

level without the indicated

adverse event over time. The

dashed lines represent 95%

confidence intervals. CAVG

indicates predicted average

cabozantinib concentration at

steady state corresponding to

dose level 20, 40, or 60 mg
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reduction), and censorship (study cutoff date or drug dis-

continuation date not attributed to adverse events). Before

28 days, 208 patients had dose modification event and their

median CL/F was 1.74 L/h; 31 patients with median CL/F

of 1.86 L/h were censored before 28 days. After 28 days,

161 patients with median CL/F of 2.16 L/h had dose

modification; 52 patients with median CL/F of 2.53 L/h

were censored after 28 days. The data clearly demonstrated

that individual cabozantinib apparent clearance is related to

the time to first dose modification.

These findings on individual predicted cabozantinib

apparent clearance and the rate of dose modifications are

consistent with previous ER analyses in patients with

medullary thyroid cancer (MTC) and RCC [10, 11]. In

addition, the ER relationship was significant for PPE,

diarrhea, and HTN among RCC and hepatocellular carci-

noma analyses.

Starting at 60 mg and dose-reducing appropriately pro-

vides patients with a chance to receive the therapeutic

benefit of cabozantinib while also providing a way to limit

the potential toxicity. Based on the PPK model, cabozan-

tinib displays high inter-individual variability for CL/F at

approximately 46% coefficient of variation [9]. For hepa-

tocellular carcinoma patients with higher cabozantinib CL/

F (lower exposures relative to patients with lower CL/F),

the 60 mg dose provides an opportunity to achieve optimal

clinical benefits relative to 40 and 20 mg starting doses.

For hepatocellular carcinoma patients with lower

cabozantinib CL/F, dose modifications from 60 mg due to

AE would also provide patients opportunities to achieve

therapeutic exposures for the clinical benefits and the doses

can be reduced to manage AE. If all hepatocellular carci-

noma patients were to initiate cabozantinib at a lower dose,

patients with higher CL/F might not reach therapeutic drug

concentration and would less likely to benefit from

cabozantinib treatment.

Many pre-specified efficacy and safety endpoints in this

ER analysis were based upon the previous knowledge of

cabozantinib in other clinical indications. Although no

relationship was determined for exposure or treatment for

N/V or total bilirubin elevation endpoints, the frequencies

of events for these endpoints were too small to ascertain an

ER relationship.

The results of ER modeling and simulations of

cabozantinib from patients in the CELESTIAL trial reflect

the FDA labeling of 60 mg once daily of cabozantinib in

hepatocellular carcinoma patients until disease progression

or unacceptable toxicity [5]. Therapy is withheld for

intolerable grade 2 adverse reactions, grade 3 or 4 adverse

reactions, or osteonecrosis of the jaw. Dose reductions in

20 mg increments may resume upon resolution/improve-

ment of AE.

Conclusions

Based on the ER analyses in hepatocellular carcinoma

patients from the CELESTIAL trial, the cabozantinib

exposure at the approved 60 mg daily dose is predicted to

provide longer OS and a decreased rate of cancer pro-

gression or death compared to the predicted exposures at

40 mg or 20 mg starting doses. Higher cabozantinib

exposure was predicted to increase the likelihood of AEs

and subsequent dose reduction appeared to decrease these

risks.
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