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Abstract

Purpose Most of the cancer chemotherapy treatments
employ drugs in combination. For combination treatments,
it is relevant to assess interaction between two or more
anticancer agents used in clinics. Based on clinical data and
using modeling techniques, the work analyzes the phar-
macodynamic interaction between capecitabine and doce-
taxel used in combination in metastatic breast cancer.
Methods We developed mathematical models to describe
tumor growth inhibition profile under treatment based on
Phase II and Phase III clinical data of capecitabine and
docetaxel in metastatic breast cancer. Model parameters
were estimated by population approach with NONMEM®
on single-agent and combination data. Simulations were
performed using MATLAB.

Results Capecitabine and docetaxel combination in met-
astatic breast cancer results in a synergistic effect as
compared with the simple additive effects of single-agent
treatments. Docetaxel is more efficient than capecitabine at
the start of treatment but develops resistance faster. Mod-
eling revealed no resistance of capecitabine for the com-
bination data.

Conclusions Modeling could be a powerful tool to design
the most advantageous combination regimen for capecita-
bine and docetaxel in metastatic breast cancer in order to
increase the time before regrowth and decrease the tumor
size at regrowth.
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Introduction

Combination therapy is widely used in the treatment of
patients with cancer [1]. The main rationale to combine
anticancer agents in the clinic is to obtain a better response
while limiting adverse events. Combination trials are
empirically designed on the basis of efficacy and safety
data recorded from already performed single-agent studies.
For the combination studies, it is relevant to assess inter-
action (synergistic, additive or antagonistic effect) between
two or more anticancer agents.

Assessing the nature and intensity of combination
drug therapy in vitro has been a interesting topic and
many preclinical studies revealed challenging combina-
tions of anticancer agents [2-5]. Roche developed
capecitabine (C), an oral prodrug of fluorouracil which
demonstrated efficacy in many cancers [6]. This oral
treatment has obtained authorizations to be used as a
single-agent or associated with taxanes, e.g., docetaxel
(D) in metastatic breast cancer (MBC). Co-administration
of C and D in xenograft models with colon cancer cel-
lular lines resulted in synergistic antitumor activity [7].
The same combination was advocated for clinical trials
in MBC. Data from single-agent chemotherapy [8, 9]
were used to design the combination trial [8, 9]. Tumor
size was monitored and investigators were free to modify
administration protocols according to the severity of
adverse events. The measurement of tumor size provided
a continuous scale measure that was useful for describing
the time course of tumor response in relation to drug
administrations.
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In this study, we used a population approach [10] to
analyze the longitudinal tumor size data collected in Phase
II and III studies [8, 9]. A pharmacodynamic model was
established to describe tumor response to C and D used as
single-agent or in combination. The objective was to assess
interaction of drug combination.

Patients and methods
Patients, treatments

Clinical data regroups phase II and III clinical trials con-
ducted as single-agent or combination treatments:

e The phase II trial assessed efficacy and safety of C as a
single-agent [8],

e The phase III trial compared efficacy and safety of
C plus D in combination versus D as a single-agent [9].

The following administration protocols were used:
e Single-agent treatment:

e (C in phase II (C database, 168 patients, 578
observations) administered in 3-week cycles twice
daily at 2,510 mg/m*d during 2 weeks and a
I-week rest period [8].

e D in phase III (D database, 223 patients, 793
observations) administered at 100 mg/m’> as a
1-hour intravenous infusion on the first day of each
3-week cycle [9].

e Combination treatment: C and D in phase III (C/D
database, 222 patients, 897 observations). C was
administered using the same dose and schedule as in
the single-agent Phase II study. D was administered at
75 mg/m? as a 1-hour intravenous infusion on the first
day of each 3-week cycle [9].

Patients achieving a complete or partial response or
stable disease after 2 cycles of therapy continued on
treatment until disease progression or development of
unacceptable toxicity. Also, investigators were free to
reduce drug doses or interrupt the treatment according to
the severity of the adverse events.

Data

Tumor observations consisted in the sum of the longest
diameters measured on metastatic sites. No covariates and no
pharmacokinetic observations were available. The detailed
dose administration protocol was available for each patient.

Before data processing, the available database was
cleaned from records inconsistent with the study design or
administration protocol or when the administration
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protocol was not documented. So, 22 patients overall and
18 observations from 10 patients were removed from the 3
databases. The final C, D, and C/D databases contain 571,
749, and 809 observations for 167, 216, and 208 patients,
respectively. At total 2,129 observations over 591 patients
were analyzed with less than four observations available
per patient at average.

Modeling

Because there was no pharmacokinetics data, the dose
history was introduced in the tumor growth model by
means of a K/PD model [11]:

d%t) = —kc-C(t) +uc(t)C(0) =0
dD(t) ()
T =—kp- D(l) + MD(I)D(O) =0

In these equations, C(f) and D(¢) are the dose histories
for C and D, respectively. Parameters k- and kp called
“biologic constants” control the dose history profiles.
Functions u(f) and up(t) describe schedules and amounts
of administration protocols. The K/PD model captures time
delay effect on tumor like models as already proposed by
others [12]. Also, it allows accounting for any
accumulation of the effect with time.

To describe the action of each drug on the tumor cells,
time-varying cell-kill rates were to account for drug
resistance, as a mechanism modifying cell-kill rates
according to an exponential time decline. Thus, the cell-kill
rates fc(#) and fp(t) for C and D, respectively, were:

fe(t) = pc -exp(—pc - t) - C(t) -n(t) and
Jo(t) = pp - exp(—pp - 1) - D(t) - n(1) (2)

In these expressions, n(f) denotes the tumor size, pc and
pp are the efficacy rates of the drugs, and pc and pp, are the
resistance parameters.

The tumor size dynamics n(f) was described by the
following differential equation:

dn(t)
UL AORAD

n(0) = no (3)

involving two competing terms; tumor proliferation f. (¢)
and tumor shrinkage /- (7) rates due to the cell-kill rates of
both drugs:

f-(0) = fe(t) + fo(1). (4)

The tumor size at the start of treatment was denoted n.
The function f,(¢) is a Gompertz growth model with
proliferation rate denoted A and maximum tumor burden 6
fixed at 1,000 mm:

) = ot 5 ) 5)
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In the above models, k¢, kp, 4, o, pc, P, Pc, and pp are
parameters to be estimated given the observed data.

Data analysis

Tumor sizes were analyzed according to the population
approach [10]. The study was only focused on the
description of the population characteristics (post-hoc
estimation of individual parameters was out of the scope).
The first-order conditional estimation method with inter-
action (FOCE-I) in NONMEM (v6 Globomax LLC, Han-
over, USA) was used to estimate population parameters.
Interindividual variability was assumed to follow expo-
nential models involving fixed effect parameters, typical for
the population considered, and random effect parameters
describing differences between individuals. The random
components in the exponential model are assumed to have
zero mean and variance o, Residual errors were considered
as proportional having zero mean and variance ¢°.

In an exploratory study [13], several modeling structures
were tested with different types of tumor growth and dif-
ferent types of cell-kill rates, common or individual resis-
tance terms to C and D, etc. The Akaike Information
Criterion (AIC) was employed to discriminate candidate
models. Bootstrap resampling technique was applied as an
internal validation tool to assess the final population
parameter estimates. Two hundred bootstrap replicates
were generated by randomly resampling the original data
set with replacement. The median values and 95% confi-
dence intervals of these 200 bootstrap replicates were
compared with the estimates from the original data set.

To compare combination versus single-agent treatments,
simulations were performed involving the same model
(Egs. 1, 3) using either the parameters estimated from
combination (“C/D” case) or those from single-agent data
(“C 4 D” case) analyses. Comparisons were made on the
tumor shrinkage rate f_(¢), on the regrowth time, and on the
tumor size at the regrowth time. The regrowth time is defined
as the time just before tumor regrowths. The regrowth time
and the tumor size at regrowth time are computed for several
scenarios involving variable dose reductions beyond the 3rd
cycle of treatment. For the “C/D” case, comparisons were
also made between f(7) and fp(?) cell-kill rates. Since the
three population analyses cannot be matched to obtain
pairwise comparisons, only the average behavior associated
with its 95% confidence interval was provided for the above
quantities. Approximate 95% confidence intervals for the
average behavior were calculated by:

s
Xx+1.96-—
X NG

where s and X are the sample standard deviation and the
sample mean, respectively. These statistics were obtained

from 1,000 samples drawn randomly from each population
analysis. Simulations were performed using MATLAB v8a
environment [14].

Results

“Biologic constants” in the K/PD model were estimated
from single-agent data without random components. They
were subsequently fixed in the model analyzing the com-
bination data assuming that “biologic constants” were not
modified by combining drugs. Whatever the treatment
(single-agent or combination), the final model was obtained
without random component for resistance parameters. For
the combination data, modeling revealed resistance for
D but not for C. Table 1 summarizes the population
parameter estimates with the associated standard errors.
For the combination data, Fig. 1 shows the distribution of
bootstrap replicates. The reported 95% confidence intervals
include estimates from the original data and so validate the
population estimates of model parameters. The same vali-
dation was performed for the single-agent population data
(results not presented).

Literature reports no pharmacokinetic interaction
between C and D [15]. Therefore, any difference in
response between “C/D” and “C + D” cases was assumed
to be due to a pharmacodynamic interaction. Data presented
in Table 1 were obtained with fixed values for “biological
constants” at kc= 0.6 w ~' and kp = 02w ~'. Even
without covariates, residual variability remained at mod-
erate levels (24.6, 28.3, and 26.2% for the 3 databases) and
the largest interindividual variability did not exceed 77%
(reported for A). Interindividual variabilities for pc and pp
did not exceed 57% and they were the lowest over all
parameters in the model. Initial tumor sizes and associated
interindividual variabilities were similar for the 3 databases.
Single-agent databases revealed that D was more efficient
(pp = 334107 vs. pc =122 102 g7' w!) but devel-
oped resistance faster (pp = 8.76 1072 vs. pc =4
1072 Wil) than C. The efficacy pc was lower in combina-
tion than in single-agent treatment (9.68 10~ vs.
1.22 107 g=' w™!) but in combination, modeling revealed
no resistance of C. These findings were further explored in
the following simulations.

Simulated time profiles presented in Figs. 2, 3, and 4
were obtained for a typical patient of 1.75 m® under the
usual “C/D” protocol with initial C and D doses of 4.4 g/d
and 132 mg, respectively. These doses were maintained
unchanged along the treatment. However, because of tox-
icity, only few patients maintained the initial full C dosing
scheme and when it happened, only for a short period of
time.
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Table 1 Estimation and standard errors in % (SE) of population parameters from C, D, and C/D databases

C D Cc/D

Estimate SE (%) Estimate SE (%) Estimate SE (%)
2w 4.65E-3 33.1 6.26E-3 24.7 7.98E-3 17.3
no (mm) 61.2 5.57 55.5 5.00 56.0 4.80
pe @ twh 1.22E-3 22.6 NA NA 9.68E-4 27.5
pp (g wh NA NA 0.334 17.1 0.460 16.3
pc(wh 4.00E-2 315 NA NA NE NE
pp (wh NA NA 8.76E-2 19.7 7.46E-2 24.5
o (1) 0.592 31.9 0.470 26.6 0.422 18.8
” (ng) 0.470 11.3 0.481 9.98 0.449 10.1
®? (po) 0.326 29.7 NA NA 0.233 53.6
o (pp) NA NA 0.288 16.6 0.270 32.7
o’ 6.04E-2 12.2 8.02E-2 12.1 6.89E-2 10.7

NA not applicable, NE not estimated. Parameters A and ng are the proliferation rate and the tumor size at the start of treatment, respectively.
Parameters pc and pp are the efficacy rates of the drugs, and pc and pp are the resistance parameters. The variances associated to the
interindividual variability and to the residual error are denoted w* and ¢, respectively; they are free of measurement units

For these analyses, biological constants were fixed at kc = 0.6 w™' and kp = 0.2 w™!
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Figure 2 presents the average tumor size n(f) profile
with its confidence interval in the “C/D” case. The average
tumor size profile was obtained with initial tumor size of
70.7 mm. The tumor achieved its minimum size (28.6 mm)
30.5 weeks after the start of treatment and then it began to
regrowth because of resistance (i.e., regrowth time and
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tumor size at the regrowth time were 30.5 w and 28.6 mm,
respectively).

Figure 3 presents the average tumor shrinkage rate f_(7)
and its 95% confidence intervals for “C/D” and “C + D”
cases. Since f_(t) depends on “biologic constants” (kc,
kp), on efficacy (pc, pp), and on resistance parameters (o,
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Fig. 2 Average tumor size n(¢) profile with its 95% confidence
interval for the “C/D” case

pp), f-(t) expresses somewhat the overall efficacy of the
conducted therapy. f_(¢) profiles confirmed the higher
efficacy of the combination; the average f_(¢) profile in
“CID” case was significantly (P < 10~%) higher than in
“C + D” case.

In the “C/D” case, Fig. 4 presents the average cell-kill
rates fo(f) and fp(f) and their 95% confidence intervals.
fc(?) and fp(r) profiles showed that D was more efficient
than C at the start of treatment. Then, D efficacy was down-
regulated because of resistance and C became more effi-
cient than D after 4 months of treatment.

The regrowth time and the tumor size at the regrowth
time were computed by assuming that the initial protocol
was administered for the 3 first cycles and then the doses of
C and D were reduced once according to a factor ranging
between 1 and 0.5. Figure 5 shows the average regrowth
time computed for each pair of values of factors of dose

reduction for C and D. It was significantly (P < 10™%
longer in the “C/D” than in the “C + D” case. Similarly,
the average tumor size at the regrowth time was signifi-
cantly (P < 10™*) lower in the “C/D” than in the “C + D”
case (confidence intervals not presented). These findings
illustrate the synergistic effect of combination treatment
and confirm the above discussion on parameters estimates.

Discussion

Available databases were obtained in order to assess effi-
cacy and therefore validate treatments including C and D as
single-agent or combination chemotherapies. To assess
efficacy, modeling of the observed tumor time course was
developed. Investigators were authorized to empirically
modify the drug doses in relation to the recorded adverse
events [8, 9]. This practice constitutes an empirical alter-
native to the procedures involving mathematical modeling,
Bayesian parameter estimation and dose individualization
[16].

Modeling of drug interactions was recently attempted on
preclinical data [2-5]. In parallel, some works reported
tumor growth inhibition modeling but from single-agent
clinical studies [17] and only a brief report analyzed drug
combination data from clinical trials [18]. Working with
the same data, the developed model in this study revised
the dosing history and the resistance description used in
[18].

From the estimated population parameters (Table 1), the
association of higher efficacy pp with slower resistance pp,
in the combination compared with the single-agent treat-
ment would indicate enhanced efficacy of D when

Fig. 3 Average tumor 012
shrinkage rate f_ (¢) with its
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Fig. 4 Average cell-kill rates 0.09 -
fc(t) and fp() with their 95%
confidence intervals for C and 0.08

D, respectively
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Fig. 5 Average regrowth time
for the “C/D” (up mesh) and
“C 4+ D” (down mesh) cases.
The horizontal plane defines all
combinations of the factors of
dose reductions for C and D and
the vertical axis expresses the
corresponding average regrowth
time

Regrowth time (w)
N
!

i L -

Factor of dose reduction for D

combined with C. Moreover, simulations (Fig. 3) revealed
that pharmacodynamic interaction enhances the efficacy of
drug combination as compared with the efficacy obtained
by adding single-agent drug effects. Consequently, the
combination of C with D leads to a synergistic (more than
additive) effect.

C and D could be characterized as “complementary”
agents since D was more efficient than C at the start of
treatment and then, because of the D resistance, C became
more efficient than D (Fig. 4).

The regrowth time is similar to the time to progression
[19] usually reported in cancer clinical trials. In association
with the tumor size at the regrowth time, it characterizes
the balance on the average tumor size profile between
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tumor growth and drug action mechanisms. As expected,
higher dose schemes resulted in prolonging the regrowth
time (Fig. 5) and in decreasing the tumor size at the
regrowth time whatever the case (“C + D” or “C/D”). On
the other hand, Fig. 5 shows that regrowth time was more
sensitive to C rather to D dose variations. Then, prolon-
gation of the regrowth time could be achievable by higher
C doses, if adverse events allow it.

The developed model from population analyses of the
single-agent and combination databases may help to design
better clinical trials. It could be used to design combination
trials from analysis of single-agent databases. In a parallel
study [13], we found that population parameters can be
reliably estimated from a smaller number of patients from
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the C/D database (e.g., as one would obtain in a phase II
study). So, the model developed from combination dat-
abases over a limited number of patients (phase II clinical
trial) could be used to design the combination protocol for
subsequent phase III clinical trials (larger number of
patients).

Conclusion

Population analysis of clinical trial databases led to three
major conclusions. First, C and D combination in MBC
results in a synergistic effect as compared with the simple
additive effects of single-agent treatments. Second, D is
more efficient than C at the start of treatment but develops
resistance faster. Third, modeling revealed no resistance of
C for the combination data. On the basis of efficacy, C and
D could be characterized as “complementary” agents.
These findings could be used to anticipate and design the
combination treatment.

Modeling was used in population approaches to describe
the impact of the anticancer treatment on the dynamics of
tumor growth under single-agent and combination che-
motherapy for MBC. This model captured the complex
aspects of a combination therapy, it quantified in vivo the
drug interaction and it evaluated the interindividual vari-
ability across patients. So, this approach could be a pow-
erful tool to select the most advantageous combination
therapies or to design more efficient and safer new
administration protocols. A basic methodology was already
established for optimizing the single-agent regimen mini-
mizing the tumor burden while limiting toxicity [20]. For
several drugs in combination, a methodology is currently
under development. It aims to optimize the scheduling of
drug administrations and compute dose modifications
during the cycle of chemotherapeutic treatment.
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