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Abstract

Purpose In this pharmacokinetic/pharmacodynamic meta-
analysis, we investigated relationships between clinical
endpoints and sunitinib exposure in patients with advanced
solid tumors, including patients with gastrointestinal stro-
mal tumor (GIST) and metastatic renal cell carcinoma
(mRCC).

Methods Pharmacodynamic data were available for 639
patients of whom 443 had pharmacokinetic data. Sunitinib
doses ranged from 25 to 150 mg QD or QOD. Models to
express endpoint values and/or changes from baseline by
the highest-correlating exposure measures were developed
in S-PLUS or NONMEM using fixed- and mixed-effects
modeling.

Results Tentative relationships were identified between
(1) steady-state AUC of total drug (sunitinib + its active
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metabolite SU12662) and time to tumor progression (TTP),
overall survival (OS), with AUC significantly associated
with longer TTP and OS in patients with GIST and mRCC,
and incidence, but not severity, of fatigue; (2) steady-state
AUC of sunitinib and response probability, with AUC
significantly associated with objective response in patients
with mRCC and stable disease in patients with both mRCC
and GIST (with no such correlations in patients with solid
tumors); (3) dose and tumor size reductions; (4) total drug
concentration and diastolic blood pressure (DBP), with a
typical patient on sunitinib 50 mg QD (the recommended
dose) predicted to experience a maximum DBP increase of
8 mmHg; and (5) cumulative AUC of total drug and
absolute neutrophil count (ANC), with ANC reductions
occurring predominantly after one treatment cycle.
Conclusions The results of this meta-analysis indicate
that increased exposure to sunitinib is associated with
improved clinical outcomes (longer TTP, longer OS,
greater chance of antitumor response), as well as some
increased risk of adverse effects. A sunitinib 50-mg starting
dose seems reasonable, providing clinical benefit with
acceptably low risk of adverse events.

Keywords Sunitinib - Pharmacodynamic -
Pharmacokinetic - Correlation - Exposure - Endpoints

Introduction

Sunitinib malate (SUTENT®, SU11248) is an oral multi-
targeted tyrosine kinase inhibitor exhibiting direct antitumor
and antiangiogenic activity. It selectively inhibits vascular
endothelial growth factor receptors (VEGFRs-1, -2, and -3),
platelet-derived growth factor receptors (PDGFRs-o and
-f), stem-cell factor receptor (KIT), FMS-like tyrosine
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kinase 3 (FLT3), colony-stimulating factor 1 receptor (CSF-
IR), and glial cell line-derived neurotrophic factor receptor
(REarranged during Transfection; RET) [1-7]; Pfizer Inc.,
data on file. Sunitinib has been approved multinationally for
the treatment of advanced renal cell carcinoma (RCC) and
for gastrointestinal stromal tumor (GIST) after disease
progression on or intolerance to imatinib mesylate therapy.
In addition, clinical studies confirm that the drug shows
activity in several other solid tumor types [8, 9].

Pharmacokinetic studies show that sunitinib is well
absorbed, and that its bioavailability is unaffected by food
[10, 11]. After absorption, sunitinib is converted to an
equipotent metabolite, SU12662 [11, 12]. Since SU12662
has a similar inhibitory profile to sunitinib in preclinical
assays, the combination of sunitinib plus SU12662 repre-
sents the total active drug in plasma—although sunitinib
exposure is 3—4 times higher than SU12662 exposure after
administration of the drug [13].

Plasma levels of sunitinib peak between 6 and 12 h after
a single oral dose, and total oral clearance (CL/F) is
independent of dose at 50-150 mg/day [11, 13]. Sunitinib
and SUI12662 have prolonged terminal half-lives of
approximately 40-60 and 80-110 h, respectively [13].
Following repeated daily administration, sunitinib accu-
mulates 3—4-fold and SU12662 accumulates 7-10-fold;
steady-state concentrations are achieved within 10-14 days
[13]. No significant differences in pharmacokinetics are
observed comparing either repeated with single dosing, or
healthy volunteers with cancer patients. Both sunitinib and
SU12662 are metabolized predominately by cytochrome
P450 (CYP) 3A4, and elimination is primarily via the feces
[12, 13].

Three phase I studies in patients with advanced solid
tumors identified sunitinib 50 mg daily as the maximum
tolerated dose (MTD; defined in each protocol as the
maximum dose with less than 33% incidence of dose-
limiting toxicity [DLT]) [2, 14, 15]. The schedule selected
for phase II and III studies was sunitinib 50 mg daily given
for 4 weeks followed by 2 weeks off treatment (Schedule
4/2), comprising a 6-week cycle.

A sound understanding of key predictors of the phar-
macokinetic and pharmacodynamic activity of a given drug
facilitates its optimal use by helping to identify those
patients most likely to respond to the drug, as well as
factors that may predispose an individual to adverse
effects. In addition, knowledge of key predictors can be
used to guide and support dosing regimens in the target
population and in special populations, as appropriate.
A population pharmacokinetic analysis of sunitinib and its
primary active metabolite, SU12662, found that the phar-
macokinetics of both compounds were significantly influ-
enced by several covariates including gender, age, and
weight; however, the magnitude of the predicted changes in
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exposure minimized the necessity for dose adjustments
[16]. In the present publication, we present the results of a
pharmacokinetic/pharmacodynamic meta-analysis (using
linear and non-linear mixed-effects modeling) investigat-
ing the relationship between sunitinib exposure and effi-
cacy and tolerability endpoints. A further objective of our
analysis was to identify factors that affect response to
sunitinib in patients with solid tumors, including GIST and
RCC.

Materials and methods
Study design

Data collected in six studies of sunitinib were used in this
analysis (Table 1). The study design, population, and
timing of measurements varied between studies. Patients
had any solid tumor (two studies, protocols 002 and 005)
[2, 15], advanced GIST (two studies, 013 and 1004)
[17, 18], or metastatic RCC (mRCC; two studies, 014 and
1006) [19, 20]. Sunitinib doses ranged from 25 to 150 mg
given orally once daily (QD) or once every other day
(QOD) and was administered in three different treatment
schedules (i.e., weeks on, weeks off treatment), including
the 4/2, 2/2 and 2/1 schedules, with QOD dosing in the first
two schedules only. All protocols were approved by an
institutional review board and studies were run in accor-
dance with the Declaration of Helsinki. Written informed
consent was obtained from all patients.

Population pharmacokinetic data and pharmacodynamic
data were collected for preliminary exploratory analyses to
characterize exposure—efficacy and exposure—tolerability
relationships for sunitinib, SU12662, and total drug
(sunitinib + SU12662). Population pharmacokinetic data
are reported separately [16]. Potential relationships iden-
tified were investigated further, using linear and non-linear
mixed-effects modeling. Potential relationships included
correlation of exposure with objective tumor response, time
to tumor progression (TTP), overall survival (OS), tumor
size changes, diastolic blood pressure, absolute neutrophil
count (ANC), and fatigue.

Study assessments

To obtain best estimates of a variety of exposure measures
for each patient in the six studies, descriptive pharmacoki-
netic models (described previously [16]) for the parent and
metabolite were used, as only trough levels were available
for the majority of patients in the included studies. The
estimated exposure measures included the following: trough
plasma concentrations over time (Cgyougn, taking into
account the patient’s dosing history); cumulative area under
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the concentration—time curve (AUC.,,, also taking into
account the patient’s dosing history); a 28-day ‘windowed’
cumulative AUC (AUCyg4,y, including only doses taken
over the previous 28 days); and steady-state AUC based on
the patient’s last dose level (AUCy,) or mean daily AUC at
steady state (AUC,,). Each measure was calculated for
sunitinib, SU12662, and total drug (sunitinib + SU12662).
Evaluations of dose-response relationships included the
entire patient population. Evaluations of pharmacokinetic-
response relationships were limited to the patient population
with evaluable pharmacokinetic data.

Efficacy endpoints were based on the response evalua-
tion criteria in solid tumors (RECIST) [21]. They included
objective response [classified as a complete response (CR),
partial response (PR), stable disease (SD), or progressive
disease (PD)], with confirmation on repeat imaging at least
4 weeks after initial documentation of response; TTP,
defined as time from start of treatment to first documen-
tation of objective tumor progression or death due to can-
cer, and OS, defined as time from start of treatment to
death. Efficacy was assessed by investigators.

Tolerability endpoints were those treatment-related
adverse events deemed by investigators to be probably or
definitely related to sunitinib treatment. In patients with
solid tumors, the most common treatment-related adverse
events of grade 3 maximum severity were fatigue, hyper-
tension, and neutropenia, and the most frequent treatment-
related adverse event of grade 4 maximum severity is
increased lipase [SUTENT® investigator brochure (June
2007)]. All events were measured at baseline and at least one
other timepoint after the first dose of sunitinib. Adverse
events were graded according to the National Cancer Insti-
tute (NCI) Common Toxicity Criteria (CTC) Version 3.0.

Modeling and statistical analysis

In the exploratory analysis, measured efficacy and tolera-
bility endpoints were assessed for being normally distrib-
uted and plotted against exposure measures. Potential
relationships identified were tested with a linear regression
model, and Pearson’s correlation coefficients were com-
puted and tested for statistical significance. Exposure
measures demonstrating the highest correlations were
selected for further analysis.

Possible covariate effects on exposure-response were
explored by segmenting the patient population on the basis
of covariate values and exploring individual endpoint—
exposure-measure relationships within each sub-group
(using linear regression). The following covariates were
screened: gender, age, body mass index (BMI) quartiles,
race, baseline diastolic blood pressure (DBP), dosing sche-
dule (Schedules 4/2, 2/2 and 2/1), and tumor type (healthy
volunteer, solid tumor, mRCC, and GIST).

@ Springer

After completion of the exploratory analysis, models
expressing endpoint value and/or change of this value from
baseline, as a function of exposure measure, were devel-
oped in either S-PLUS or NONMEM. Models were tested
for all efficacy endpoints and identified potential adverse
event relationships (fatigue, DBP, and ANC). Fixed-effects
modeling used S-PLUS (Version 6.1). Mixed-effects
modeling used NONMEM (Version 5, level 1.1) [22] with
first-order conditional estimation (FOCE) and/or Laplacian
methods of maximum likelihood estimation. When NON-
MEM was preceded by S-PLUS, the S-PLUS best-fit
parameters were used as starting values for the corre-
sponding NONMEM mixed-effects model.

Efficacy endpoints

To explore the relationships between exposure and TTP and
exposure and OS, AUC,, was evaluated against each of these
efficacy endpoints. For Kaplan—Meier analysis, patients
were subdivided into two groups (less than the median
AUC; greater than or equal to the median AUCy,). Patients
with documented progression between the screening date
and first assessment were removed from the analysis
(n = 10), as it could not be ruled out that progression had
occurred prior to sunitinib dosing.

The time-to-event analysis for TTP and OS [23] utilized
a Weibull probability distribution model [24, 25], which is
characterized by parameters ¢ and y as shown below. This
method can be used to model events with a decreasing,
increasing, or constant hazard rate

S(t)=P(T >1) =exp(—In2-[t/¢p])
p(t) =PDF(r) =In2-y/t(t/p)’exp (~In2 - [t/q]")

where S(r) is the survival function (P[T > f]); p(t) is
the probability density function (PDF[¢]); ¢ = median time
to the event (tumor progression/death); and 7 = shape
parameter.

Drug effect was described by:

¢ = baseline time — to — event 4 Slope - AUCq;

where Slope is the slope of the drug exposure effect on
time-to-event.

Tumor growth kinetics (dy/df), assessed using sum of
longest diameter (SLD) data from computed tomography
(CT) scans, were described as a function of sunitinib
concentrations with a drug effect amplifying the tumor
death rate [26].

dy/dt = kgrowth * ¥(t) — kdean - C(t) - Progression(z) - y(t)

where Kgrowm 18 the estimated tumor growth rate; kgeam iS
the tumor death rate; C(¢) is the sunitinib concentration
estimated from the population pharmacokinetic model [16]
at time f; Progression(?) is the estimated progression at time
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t (represented by the function: exp(-Arf), where 4 is an
estimated progression appearance factor); and y(f) repre-
sents the SLD at time .

The categorical endpoints (RECIST-defined response and
the graded tolerability endpoints) displaying potential rela-
tionships by exploratory analysis were investigated using a
mixed-effects modeling approach with repeated-measures
logistic regression [24, 27-29]. The probability that the
grade of the event (Y) is less than or equal to grade m (e.g.,
m=0,1,2,3, or4 for NCI-CTC) was modeled in the form:

Logit(Pr(Y <mly)) = fi(m) +f2(AUC) + ny

where Pr = probability; Logit = logit transform; and 7y is
a random individual effect parameter that accounts for the
variability in response at the same exposure.

Fatigue

Fatigue data were analyzed using repeated-measures
logistic regression. A two-part mixture model was used to
account for the high proportion of observations of no event
[28]. Two logit probability models were used together to
describe the data, the first describing incidence of fatigue
as a function of exposure:

Logit(Pr(Maximum Fatigue; > 0))
= Int + Slope - Exposure;;

The second model was a standard logit probability model
for repeated measurements, describing the probability of
exceeding a given fatigue grade for an individual patient:

Logit (Pr(Fatigue;; > k[MaximumFatigue, > 0))
= B+ Prmax - (1 —exp(—k.Time;; ) ) + Slope - Exposure;; +1;

where i = subject index; j = time index; k = fatigue
severity of (NCI-CTC) 0, 1, 2, 3, or 4; Time = time after
start of study; Fatigue;; = fatigue score at time j in subject
i; Exposure; = exposure measure (as described above) at
time j in subject i; Maximum Fatigue; = maximum fatigue
in subject i. The model parameters are: P, = maximum
placebo response; k = time constant to reach maximum
placebo response; f3; = fatigue rates at time O with no
drug; Slope = slope of exposure-response relationship for
incidence or severity, and #; is the inter-subject variability.

Model parameters were estimated using the Laplacian
estimation to the likelihood in NONMEM. The effect of
tumor type on the exposure—response relationship was also
examined.

Absolute neutrophil count

Correlation coefficients were calculated for the relationship
between estimated exposure measure and observed ANC;

the greatest correlation was between 28-day cumulative
area under the concentration—time curve for total drug
(AUCcumzgtor) and ANC. Repeated-measures mixed-
effects modeling methods were used to analyze the rela-
tionship between ANC and exposure measures. The final
model described ANC as a function of baseline ANC
levels, and a linear function of exposure. The slope of the
exposure—response relationship varied among subjects, and
was dependent on baseline ANC and tumor type. The
baseline factor was introduced because patients with
greater baseline ANC levels could have greater ANC
reduction. The model equations were:

ANC;; = Baseline ANC; + Exposure;; - Slope;-
(1 —exp(—k - Time;)) + ¢;Slope; = Slopery,-
exp(kaist - Xaist + kmrec - Xmrec)-
(Baseline ANC/5.4)®*.exp(,)

where i = subject index; j = time index. The variables are
defined as follows: ANC;; = absolute neutrophil count at
time j in subject i; Baseline ANC = baseline absolute neu-
trophil count; Exposure; = exposure (as described above)
at time j in subject i; Xgist is an indicator variable = 1 in
GIST patients and 0 otherwise; X,,rcc is an indicator vari-
able = 1 in mRCC patients and O otherwise; #; is inter-
individual variability in slope with mean zero and variance
w2; ¢&; is intra-individual variability in ANC count with
mean zero and variance ¢2. The model parameters are
defined as follows: Slopery,, = slope of exposure-response
relationship in a typical solid-tumor patient; kg;st = slope
factor in GIST patients; k,rcc = slope factor in mRCC
patients; kg, = slope factor for different baseline ANC
counts; k = onset of effect; w2 = inter-individual variance;
02 = intra-individual variance. The value 5.4 represents the
median baseline ANC count in this patient population.

Model parameters were estimated using the FOCE
method in NONMEM. Models were compared on the basis
of the distribution of post-hoc inter-subject variability
estimates (#,), the reasonableness and precision of model
parameters, a comparison of post-hoc predictions with
observations in each individual, and a comparison of the
model-prediction with the data.

Diastolic blood pressure

Correlation coefficients were calculated for the relationship
between estimated exposure measure and observed DBP;
the greatest correlation was between total drug trough
concentrations (Cyoughtor) and DBP. Three models (linear,
E\ax, and power models) were developed to describe DBP
and its change from baseline as a function of Cyoughtor- The
E ox model provided the best descriptive summary of this
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relationship, and was subsequently implemented as a
mixed-effects non-linear model in NONMEM.
The E,.x model was:

DBP(Z) =Ey + Enax - ClroughTot(t)/(CtroughTot(t) + ECSO)
where E, is the DBP at baseline, E,,, is the maximum

possible increase in DBP, and ECs is the Cyoughtor Value
that achieves 50% of the maximum DBP increase.

Results
Patient data

Patient demographics and a summary of the pharmaco-
dynamic and pharmacokinetic datasets are shown in

Table 2. A total of 639 patients had evaluable pharma-
codynamic data and 443 of these patients had pharma-
cokinetic parameter estimates. Pharmacokinetics were
shown, previously, to be similar between patients with
RCC, GIST and solid tumors [16]. Table 3 summarizes
the number of patients for which each endpoint mea-
surement was available and the median value for each
endpoint.

Figure 1 shows mean daily AUCg by final dose level,
calculated using clearance estimated in the pharmacoki-
netic models for parent and total drug [16]. The major-
ity of patients received sunitinib 50 mg, although
final doses ranged from 25 to 100 mg. However, the
variability in clearance produced similar exposure
ranges across the doses, making dose—response modeling
challenging.

Table 2 Patient demographics
and data summary by tumor

type

PD pharmacodynamic; PK
pharmacokinetic; SD standard
deviation; GIST gastrointestinal
stromal tumor; mRCC

Characteristic Solid tumors ~ GIST mRCC Pooled data
Number of evaluable patients 69 401 169 639
Number of patients with PK data 69 225 149 443
Number of patient-days of PD observations 2,486 7,619 3,748 13,853
Mean number of observations per patient 36.0 19.0 222 21.7
Duration of study data, mean &+ SD (days) 189 £ 174 146 + 131 181 £ 117 160 £+ 134
Duration of study data, range (days) 14-675 1-718 1-485 1-718
Gender, male/female (n) 37/32 257/144 110/59 404/235
Race, Caucasian/African American/ 35/3/2/1 384/20/17/8  154/3/6/6 573/26/25/15
Asian/others (1)
Mean age + SD (years) 55+ 12 56 + 12 57 £ 10 56 + 12
Mean weight + SD (kg) 72 + 18 75 £ 18 85 £ 19 77 £ 19

metastatic renal cell carcinoma

Table 3 Endpoint measurement summary

Median value of
endpoint (range)

Endpoint

Total number
of patients

Number of patients
by tumor type
(solid tumor/GIST/mRCC)

Average number
of measurements
per patient

RECIST classification no. (Investigator)* 2 (0-3)
RECIST classification no. (RadPharm)* 2 (1-3)
ECOG performance status 1(04)
Fatigue grade 0 (04
Nausea grade 0 (0-3)
Vomiting grade 1 (0-3)
DBP (mmHg) 78 (20-130)
LVEF (%) 61 (22-87)
ANC (count/pL) 2.8 (0-31.3)
Platelets (count/pL) 227 (17-1,352)
RBC (count/pL) 3.9 (1.4-7.3)
Lipase (U/L) 41 (0-3,643)
Amylase (U/L) 47 (2-981)

590 62/362/166 3.2
371 0/271/106 2.7
638 69/400/169 9.6
611 41/401/169 3.1
639 69/401/169 22
639 69/401/169 1.7
638 69/400/169 10.5
586 27/390/169 3.8
636 69/398/169 13.7
637 69/399/169 13.8
637 69/399/169 13.9
609 41/399/169 12.2
608 41/398/169 12.3

RECIST response evaluation criteria in solid tumors [21]; ECOG Eastern Cooperative Oncology Group; ANC absolute neutrophil count; DBP
diastolic blood pressure; LVEF left ventricular ejection fraction; RBC red blood cell; mRCC metastatic renal cell carcinoma; GIST gastroin-

testinal stromal tumor

*Derived RECIST rating denoted as —/ not available; 0 complete responder; / partial responder; 2 stable disease; 3 progressive disease

@ Springer
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O Sunitinib
0O Total drug

w
1
|

-
1

AUG_ (pg-h/mL)
n
I
|
I
o
o

50 62.5 75 100
Last dose level (mg)

25 37.5

Fig. 1 Average daily exposure (mean daily AUC at steady state,
AUC;) to sunitinib and total drug (sunitinib + its active metabolite
SU12662) calculated at each patient’s final dose level

Efficacy endpoints

Patients with the highest exposure to sunitinib displayed
longer TTP and OS (Fig. 2). This relationship was con-
sistent across the different tumor types. Similar results
were seen when the data were analyzed using total drug
concentrations (the primary active metabolite, SU12662,
comprises 23-37% of the total exposure [13]). To further
assess the significance of the relationships between drug

exposure and TTP and drug exposure and OS, a time-to-
event model was utilized. This model indicated that AUC,
was significantly associated with longer TTP and OS in
GIST and mRCC (Table 4).

To evaluate the relationship between investigator-
assessed RECIST-based objective responses and exposure
to sunitinib, logistic regression was performed. There was a
significant relationship between exposure and the proba-
bility of a PR or CR in mRCC patients (P = 0.00001;
Fig. 3). This trend was consistent but did not reach statis-
tical significance for patients with GIST (P = 0.06) and
solid tumors (P = 0.28; Fig. 3). The relationship between
the probability of SD and sunitinib exposure was signifi-
cant for both patients with mRCC (P = 0.002) and patients
with GIST (P = 3 x 10~”) but not for patients with solid
tumors (P = 1.7; Fig. 4). Collectively, these data indicate
a trend toward a higher probability of tumor size decreases
(PR) or halting of tumor growth (SD) in patients with
higher exposure to sunitinib.

Tumor size changes over time were further described
using a tumor growth dynamics model. Model-based pre-
dictions of tumor sizes were consistent with the observed
study data for both GIST and mRCC patients (Figs. 5, 6, 7),
although the diagnostic plots indicated an increase in the
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Fig. 2 Relationship between average daily exposure (mean daily AUC at steady state, AUCy,) to sunitinib and TTP/OS across tumor types
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Table 4 Results for AUC, time-to-event analysis for TTP and OS using a Weibull probability distribution model

Tumor type Endpoint Baseline median time to 7 (%RSE) Slope, days/mg h/L (%RSE) P value
event, days untreated (%RSE)

mRCC TTP 31.8 (128) 1.44 (8.8) 252 (24) 0.001

mRCC (0N 110 (79) 1.78 (13) 485 (28) 0.010

GIST TTP 57.1 (13) 1.29 (5.7) 213 (12) 0.001

GIST oS 304 (16) 1.39 (8.6) 535 (28) 0.001

RSE relative standard error; T7TP time to tumor progression; OS overall survival; mRCC metastatic renal cell carcinoma; GIST gastrointestinal
stromal tumor; 77P time to tumor progression; OS overall survival; y shape parameter
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GIST = gastrointestinal stromal tumor; mRCC = metastatic renal cell carcinoma;
RECIST = Response Evaluation Criteria in Solid Tumors [21].
*An AUC__ value of zero reflects the quintile of patients with GIST who received placebo rather than sunitinib.

residuals and a larger under-prediction of tumor size after
approximately 400 days. Parameter estimates for the tumor
growth dynamics models are presented in Table 5. Simu-
lations with the final model estimates for both GIST and
mRCC displayed the increased tumor size changes expected
at doses between 25 and 50 mg QD on Schedule 4/2
(Fig. 8). Simulations suggested that 38% more mRCC and
23% more GIST patients would be expected to achieve a
30% reduction in tumor size when administered sunitinib
50 mg versus 25 mg QD.
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Treatment-related adverse events

In patients with solid tumors, the most common treatment-
related adverse events of grade 3 maximum severity are
fatigue, hypertension, and neutropenia, and the most fre-
quent treatment-related adverse event of grade 4 maximum
severity is asymptomatic increased lipase [SUTENT®
investigator brochure (June 2007)]. These safety measures
were evaluated against sunitinib exposure, initially by
screening with linear regression and Pearson’s correlation
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Fig. 6 Diagnostic plots for the
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Fig. 7 Illustrative plots of individual fit results for six patients with GIST according to the tumor growth kinetics model. Solid lines represent the
model fit to each patient’s individual data and the dashed line represents the expected or typical response to a similar dosing regimen

coefficients (Table 6). Exposure measures demonstrating
the highest correlations were then selected for detailed
exposure—response analysis. Lipase changes correlated less
than 5% with any exposure measure and were not evalu-
ated further as a function of exposure.
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Fatigue

A positive relationship between exposure (total drug AUCy)
and incidence, but not severity, of fatigue was identified.
This relationship displayed a distribution consistent with
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Table 5 Parameters for tumor growth kinetics model

Tumor type Parameter Units  Value % RSE % IIV

GIST Korowth 1/day  0.00165 11 NA
Kieath 1/day  0.0000543 14 94
Progression  1/day  0.00242 39 63

mRCC Korowtn 1/day  0.00365 25 NA
Kicath 1/day  0.000176 12 55
Progression  1/day  0.00311 29 59

GIST gastrointestinal stromal tumor; mRCC metastatic renal cell
carcinoma; Ko, estimated tumor growth rate; Kj.q;, tumor death
rate; RSE relative standard error; IIV estimated exponential inter-
individual variability

the existence of two sub-populations comprising (1) a nor-
mally distributed range of fatigue scores among patients
who experienced fatigue (grade > 1), and (2) a second sub-
population of patients who did not display fatigue at any
time during the study. This distribution among patients who
experienced fatigue was evident by analysis of between-
subject variability for the unconditional severity model
versus fatigue incidence (Fig. 9). Using a simulation with
1,000 patients, the half-life for the appearance of fatigue was
8 days and the maximum level of fatigue (if experienced)
was therefore reached after one treatment cycle of sunitinib
(Fig. 10). The model showed a relationship between suni-
tinib exposure and the probability of grade > 1 fatigue in the

Fig. 8 Simulated tumor size
changes in GIST and mRCC

90% CI of effect of sunitinib in GIST

three tumor types, as summarized for the 25- and 50-mg QD
doses as follows: GIST: 46 and 65%, respectively; mRCC:
57 and 74%, respectively; and solid tumors: 85 and 92%,
respectively.

Absolute neutrophil count

Analysis of ANC values over the course of treatment
revealed a negative relationship between ANC and expo-
sure (AUC.umosto; Table 7; Fig. 11). The slope of the
exposure—response relationship was also significantly
greater (P < 0.05) in those with the highest ANC at
baseline (for a 10% increase in baseline ANC, patients had
approximately a 3.5% greater ANC reduction). Further-
more, relative to patients with solid tumors, a 36% greater
ANC reduction occurred in patients with GIST (16% in
mRCC). ANC level changes occurred predominantly after
one cycle of sunitinib treatment and did not progress with
later cycles. This model estimated that a solid tumor patient
with a baseline ANC of 5 (counts/nL) might display a
decrease of 0.9 (counts/nL) at a dose of sunitinib 25 mg
QD, and 1.3 (counts/nL) at a dose of 50 mg QD.

Diastolic blood pressure
A positive relationship was identified between DBP chan-

ges and total drug (sunitinib + SU12662) exposure (trough
plasma concentration for total drug, Cioughto). The
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Table 6 Pearson’s correlation coefficients for the highest correlating
exposure measures and treatment-related adverse-event measures

Table 7 Estimates of typical absolute neutrophil count (ANC) and %
reduction from baseline by sunitinib dose for each tumor group

Treatment-related Highest correlating Correlation
adverse event measures exposure measure coefficient
Diastolic blood pressure CiroughTot 0.29

A Diastolic blood pressure CiroughTot 0.29
Absolute neutrophil count AUC cum28Tot —-04

A Absolute neutrophil count AUC um28Tot 0.34
Amylase AUCro 0.12

A Amylase AUCror 0.1
Lipase AUC umTot 0.05

A Lipase AUC cumrot 0.05

Ciroughtor trough plasma concentration for total drug; AUC.7or
cumulative area under the concentration—time curve for total drug;
AUC .ymostor 28-day cumulative area under the concentration—time
curve for total drug; AUCy,r,, steady state area under the concentra-
tion—time curve for total drug

-
*
1
]
54 |
]
]
= 0 —_— :
— o,
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Mo fatigue Maximum fatigue =1

Fig. 9 Between-subject variability (1) versus fatigue incidence
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Fig. 10 The probability of experiencing fatigue over time using
1,000 simulated patients

relationship between DBP elevations at any time during
treatment with sunitinib was best described by a non-linear
(Emax) function (Fig. 12). The estimate of the baseline DBP
across the population was 74 mmHg and the estimated
inter-individual variability (standard deviation) of baseline
DBP was approximately 10% of the baseline value. The
estimated maximum drug-mediated change in DBP for the
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ANC, 1/nL (% reduction from baseline
ANC value of 5)

Dose of Solid GIST RCC
sunitinib tumor®

(mg)

25 43 (—13) 4.1 (—18) 42 (—15)
50 3.7 (—26) 3.2 (=36) 3.5 (—30)
75 3.0 (=39) 23 (=54) 2.7 (—45)

GIST gastrointestinal stromal tumor; RCC renal cell carcinoma

# Group included patients with a variety of solid tumors

population was 17 mmHg, with an inter-individual vari-
ability of approximately 36% of this value. The median
Cirougn value for the population on sunitinib 50 mg QD was
0.068 pg/mL, below the estimated ECs, of the effect on
DBP of 0.084 pg/mL. This suggests that a typical patient
on sunitinib 50 mg QD would be expected to experience a
maximum elevation in DBP of 8 mmHg. At a dose of
sunitinib 25 mg QD, an estimated 5-mmHg change in DBP
is predicted.

Discussion

This study systematically analyzed pharmacokinetic and
pharmacodynamic data from six clinical studies of suniti-
nib to identify sources of variability affecting clinical
response or adverse events. As with most clinical studies in
oncology, there are many constraints to identifying an
exposure—response relationship. Primarily, these include
sparse (if any) placebo data and the narrow dose ranges
employed (typically all patients on cancer therapy initiate
treatment at the MTD); the latter constraint was a specific
potential limitation in this model given the number of
patients included from phase I studies who received the
lower and upper range of sunitinib dosing, the analysis of
which may have been more relevant to exposure-toxicity
than exposure-efficacy modeling. In addition, sparse sam-
pling in some patients may have adversely impacted the
individual estimates of pharmacokinetic parameters, and
lack of inclusion of dose reductions or dose delays due to
adverse events may have led to overly optimistic simulated
results in the model. Furthermore, individualized dose
titration during the time a patient is on study eliminates the
possibility of performing a dose-response analysis on
parallel dose groups (i.e., no two subjects receive the exact
same dosing regimen throughout the entire study). The
clinical studies included in this analysis were no exception.
A small sub-set of placebo patients from one GIST study
(n = 59, median of 62 days on placebo) provided the only
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Fig. 11 Measured and population-predicted (straight line) changes in absolute neutrophil count (ANC) by sunitinib exposure in three tumor
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Fig. 12 Observed and model-predicted changes in diastolic blood
pressure (DBP) by sunitinib exposure across all tumor types

patients for identification of baseline hazard rates for dis-
ease progression or adverse-event occurrence. Addition-
ally, within treated subjects, the dose ranges were small
(25-100 mg; and the vast majority of patients [85%]
started treatment with sunitinib 50 mg QD) with individ-
ualized dose titration. However, using fixed- and mixed-
effects modeling approaches, relationships were identified
between exposure to sunitinib and efficacy and safety
endpoints.

Patients with the highest exposure to sunitinib displayed
longer TTP, longer OS, a higher probability of a response,
and greater tumor size decreases. Thus, the analysis high-
lights the importance of maintaining patients on a 50-mg
dose of sunitinib and striving to avoid unscheduled dosing
interruptions or titration during treatment. In those patients
for whom it may not be possible to maintain a full dose, use
of alternative dosing schedules (e.g., Schedules 4/2, 2/2 or

2/1), as were employed in some studies used in this anal-
ysis, may provide benefit in some patients; however, this
supposition requires verification in further analysis of
additional data.

The relationship between RECIST-based objective
response and exposure only reached statistical significance
for patients with mRCC, possibly as a result of the higher
incidence of response in patients with mRCC (40-43%)
[19, 20] compared to those with GIST (7-8%) [17, 18] or
solid tumors (10-27%) [2, 15] and the resulting contribu-
tion to statistical significance in the analyses reported here.

Tentative relationships were identified between sunitinib
exposure and fatigue, diastolic hypertension, and neutro-
penia. Again, analysis of the adverse events was limited by
the paucity of placebo data and the narrow range of doses,
making it difficult to attribute these adverse events to
sunitinib alone versus the disease process itself. Analysis of
fatigue adverse-event data suggested that increased suniti-
nib exposure affected the incidence but not the severity of
fatigue. The severity of fatigue reached a plateau after one
cycle and was predicted to be more common in the group
of patients with advanced solid tumors than in those with
GIST or RCC. Clinical experience shows that the fatigue
associated with sunitinib 50 mg/day when given for
4 weeks followed by 2 weeks off treatment is manageable
[18, 20]. Relationships between sunitinib exposure and
ANC and DBP adverse events were also identified. Spe-
cifically, these analyses indicated that increasing sunitinib
exposure was correlated negatively with changes in ANC
and positively with changes in DBP. However, at a dose of
50 mg/day given on Schedule 4/2, these effects are gen-
erally mild to moderate in severity and easy to manage [18,
20].

In a population pharmacokinetic analysis of data from
studies in healthy volunteers and patients with cancer,
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sunitinib and its metabolite (SU12662) were modeled [16].
This analysis showed high inter-patient variability in
pharmacokinetics, with coefficients of variation in the
range of 40-60%. Thus, certain patients in a given popu-
lation treated with the same dose/schedule may experience
increased exposure to sunitinib. For example, population
pharmacokinetic modeling suggested that approximately
8% of patients given sunitinib 50 mg QD would have at
least as much exposure (AUCg,) as a typical individual
receiving a 75-mg QD dose [16]. The population pharma-
cokinetic analysis identified female gender and low body
weight as covariates that significantly increase exposure to
sunitinib [16]. Combining these findings with our phar-
macokinetic/pharmacodynamic data suggests that such
patients may be at greater risk of fatigue, DBP elevation or
ANC reduction. However, per the exposure—adverse-event
relationships reported here, such adverse events were mild
to moderate in severity and must be balanced against the
trend toward greater efficacy observed in patients with
higher exposure to sunitinib.

In conclusion, this analysis indicates that increased
exposure to sunitinib is associated with longer TTP, longer
OS, a higher probability of a response, and greater tumor
size decreases. Increased exposure was also associated with
adverse events; however, these were generally mild to
moderate in severity. A 50-mg initial dose can provide
clinical benefit with acceptably low risk of adverse events.
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