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Capecitabine (Xeloda; F. Hoffmann-La Roche, Nutley, NJ) is 
administered as a noncytotoxic systemic prodrug of 5′-deoxy-
5-fluorouridine.1 After administration, it is extensively 
absorbed, unchanged from the gastrointestinal tract, and is 
sequentially converted to the cytotoxic moiety, 5-fluorouracil 
in a series of metabolic steps.2 Capecitabine is registered in 
combination with docetaxel (Taxotere; Sanofi-Aventis, Bridge-
water, NJ) for second-line treatment of metastatic breast can-
cer (MBC). The registration was based on the results of the 
phase III study SO14999, in which capecitabine 1,250 mg/m2 
twice daily (14 days on, 7 days off drug treatment in 3-week 
treatment cycles) was combined with docetaxel 75 mg/m2 at 
the beginning of each treatment cycle.3 However, a higher 
proportion of patients in the combination arm experienced 
grade 3/4 adverse events (and dose reductions as compared 
with those receiving docetaxel alone). Dose reductions of 
both capecitabine and docetaxel were effective in reducing 
the incidence and recurrence of grade 3/4 adverse events, 
without any apparent impact on efficacy.4 Study NO16853 
was a postapproval commitment study requested by the Food 
and Drug Administration to investigate the impact of a lower 
capecitabine starting dose on safety and efficacy. NO16853 
compared two dose levels of capecitabine: 1,250  mg/m2 
(high dose) and 950 mg/m2 (low dose), both in combina-
tion with docetaxel 75 mg/m2. The dose of 950 mg/m2 was 
close to the median dose delivered in study SO14999. How-
ever,  in an early amendment, the low dose was reduced to 
825 mg/m2 as a large proportion of patients discontinuing 
treatment early due to adverse events were observed with 
950 mg/m2 in another study that was running in parallel. The 
study population and treatment modalities for NO16853 were 
the same as for the combination arm of study SO14999. The 
primary efficacy end point was progression-free survival 

(PFS). Overall survival (OS) was a secondary end point. The 
objective of the study was to demonstrate noninferiority of 
the lower dose with respect to the efficacy of the higher dose. 
Final results based on 31 March 2008 data cutoff showed 
that the primary end point was not met.4

The aim of this project was to perform simulations to deter-
mine which capecitabine dose would be noninferior to the 
registered dose in combination with docetaxel in the second-
line treatment of MBC using a previously developed and 
extended modeling framework.

The modeling framework comprised:5,6

  •	� a longitudinal exposure–response tumor growth inhibi-
tion (TGI) model to evaluate antitumor effect on continu-
ous tumor size measurements;

  •	� a survival model using change in tumor size as the main 
predictor for OS together with prognostic factors.

This modeling framework has been updated with the new 
data available and extended with a model for PFS for the 
purpose of the current work.

RESULTS
TGI model
The longitudinal tumor size (sum of the longest diameters 
at each visit) data set comprised 888 patients (463 from 
SO14999 and 425 from NO16853) and 2,988 observations 
(3.4 measurements per patient). A large range of baseline 
(10 to 520 mm) tumor sizes was observed, together with a 
variety of tumor size profiles during drug treatment (Supple-
mentary Figure S1 online). Model parameters were well 
estimated with standard errors typically < or ~30%, except 
for the rate constant for resistance appearance for docetaxel 
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(standard errors of 39%) (Supplementary Table S1 online). 
The TGI model provided an adequate fit of the data ( data not 
shown). As illustrated by the posterior predictive check (PPC) 
(Supplementary Figure S2 online), the model was able to 
simulate observed fractional change in tumor size at week 6 
(end-of-cycle 2) in the different treatment groups; however, 
with some slight bias in the prediction especially for the 25th 
percentile of the docetaxel plus capecitabine 1,250 mg/m2 
treatment group.

Model for OS
The model for OS was developed based on the 888 patients 
pooled database, of which 556 (63%) died during the obser-
vation period. Median (95% confidence interval (CI)) sur-
vival was 14.8 months (13.6–16.0 months). The log-normal 
distribution best described the survival time as previously 
observed in colorectal cancer.6 Survival decreased with 
increased baseline tumor size and increased fractional 
change (tumor progression), in patients with Eastern Coop-
erative Oncology Group performance status 1 vs. 0 (n = 319, 
36%) and in patients with >1 vs. ≤1 metastatic site (n = 687, 
77%). Survival was also longer in study NO16853 (ref. 4) than 
in study SO14999 (ref. 3). The prognostic factors included 
in the model could not explain this difference which is prob-
ably related to change in standard of care during the time 
separating the two studies. However, there was no interaction 
between study and tumor shrinkage effects. Model param-
eters of the survival model were well estimated (Table 1).

In 220 patients, estrogen receptor and progesterone 
receptor status was missing and could not be included in the 
primary analysis; this covariate was tested on the final model 
on the subset of patients in whom information was available. 

Patients with tumors expressing at least one receptor sur-
vived significantly longer than those with negative recep-
tor status (P < 0.001). This effect was not retained in the 
final model as this value was missing in 25% of the patients. 
There was no interaction between this effect and the effect 
due to predicted fractional change in tumor size at week 6.

Model evaluation (PPC) indicated good performance of 
the model in simulating the survival distribution of the pooled 
studies (Supplementary Figure S3 online) as well as that 
observed in the different treatment groups (Supplementary 
Figure S4 online). The dependence of expected survival length 
on the fractional change in tumor size from baseline at week 6 
is illustrated in Supplementary Figure S5 online. For exam-
ple, expected median survival (95% CI) would vary from 11.8 
months (10.1–14.0 months) for a 30% tumor size progression 
to 19.3 months (17.3–21.6 months) for a 30% shrinkage.

Model for PFS
Most of the patients (n = 790, 89%) experienced progression 
or died during the observation time. Median (95% CI) PFS 
was 5.8 months (5.5–6.3 months). The log-normal distribu-
tion best described the PFS time. Baseline tumor size, East-
ern Cooperative Oncology Group performance status, and 
fractional change in tumor size from baseline at week 6 were 
significant predictors of PFS. These covariates influenced 
PFS the same way as they influenced survival. PFS was also 
longer in study NO16853 than study SO14999. Parameter 
estimates of the PFS model are given in Table 2. Some of the 
study effect on PFS may be related to different assessment of 
progression in the two studies. Simulations were conditioned 
on the most recent study NO16853 that used the response 
evaluation criteria in solid tumors criteria.

Table 1 Survival model parameter estimates (RSE, %)

Covariates Estimatesa RSE (%) 95% CI P value Δ−2LLb

Intercept β0 3.02   5 (2.72; 3.31) <0.001

Baseline tumor size β1 −0.00231 19 (−0.00316; −0.00146) <0.001 +27.97

Fractional change  
in tumor size at week 6

β2 −0.801 17 (−1.060; −0.541) <0.001 +36.16

ECOG performance status β3 –0.352 17 (−0.468; −0.236) <0.001 +34.92

Number of metastases β4 −0.200c 36 (−0.339; −0.060) 0.00502 +7.89

Study effect β5 0.131c 44 (0.017; 0.245) 0.0239 +5.16

Random variability σ 0.773

CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; RSE, relative standard error; β, coefficients for covariate effects.
aEstimates correspond to values in month. bDifference in −2 × log-likelihood when removing the covariate from the final model. cEstimates correspond to ≤1 
metastasis and study SO14999, respectively; for >1 metastases and for study NO16853, estimates are −0.2 × 2 = −0.4 and 0.131 × 2 = 0.262, respectively.

Table 2 Progression-free survival model parameter estimates (RSE, %)

Covariates Estimatesa RSE (%) 95% CI P value Δ−2LLb

Intercept β0 1.38   7 (1.20; 1.56) <0.001

Baseline tumor size β1 –0.00165 26 (−0.00248; −0.00082) <0.001 +14.89

Fractional change in  
tumor size at week 6

β2 –1.18 11 (−1.43; −0.92) <0.001 +77.66

ECOG performance status β3 –0.195 29 (−0.306; 0.083) <0.001 +11.61

Study effect β4 0.216c 26 (0.107; 0.325) <0.001 +15.09

Random variability σ 0.799

CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; RSE, relative standard error; β, coefficients for covariate effects.
aEstimates correspond to values in month. bDifference in −2 × log-likelihood when removing the covariate from the final model. cEstimates correspond to study 
SO14999; for study NO16853, estimate is 0.216 × 2 = 0.432.
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Model evaluation (PPC) indicated good performance of the 
model in simulating the PFS distribution of the pooled studies 
(Supplementary Figure S6 online) as well as that observed 
in the different treatment groups (Supplementary Figure S7 
online). The dependence of expected PFS on fractional change 
in tumor size from baseline at week 6 is illustrated in Supple-
mentary Figure S8 online. For example, expected PFS (95% 
CI) would vary from 3.8 months (3.2–4.5 months) for a 30% 
tumor size progression to 7.7 months (7.1–8.5 months) for a 
30% shrinkage.

Assessment of the full simulation framework
The observed upper 95% hazard ratio (HR) confidence limit for 
PFS of 1.43 belonged to its 95% simulated prediction interval 
(1.10–1.50) for 372 events (as observed in NO16853)4 indicat-
ing that the slight bias in some of the statistics calculated to 
assess the prediction of week 6 tumor shrinkage (especially 
for the 25th percentile of one of the docetaxel plus capecit-
abine arm) by the TGI model did not impact the simulation of 
the statistics of interest. The observed value exceeded the pre-
specified threshold of 1.35 and study NO16853 failed to dem-
onstrate noninferiority. According to the simulations assuming 
equivalent efficacy (or a “true” HR of 1), the expected power of 
the study to demonstrate noninferiority was only 69%.

Simulations
Simulations of trials with either the prespecified number of 
events (350) or the observed one (372) indicated that no 
dose below the reference dose of 1,250 mg/m2 capecit-
abine had 80% power to show noninferiority to the reference 
dose level (power ranging from 61% for 850 mg/m2 to 72% 
for 1,000 mg/m2). Simulations with the number of recorded 

progression or death events required for study termination 
increased to 470 predicted that a starting dose of 1,000 mg/
m2 capecitabine or higher would achieve 80% power to show 
noninferiority to 1,250 mg/m2 (Figure 1).

DISCUSSION

This is the first paper, that we know of, describing the use of 
modeling and simulation in oncology to explain and analyze 
results of a phase II clinical trial that did not meet its primary 
end point, as well as to extract useful clinical information from 
the trial. Clinical trial simulations have been extensively and 
successfully used in a variety of other therapeutic areas,7 but 
rarely in oncology.8,9 We recently proposed and retrospec-
tively evaluated a modeling framework to simulate phase 
III studies based on phase II data in colorectal cancer.6 The 
core of the approach consists of using a TGI model to extract 
the maximum information regarding disease characteristics 
(e.g., tumor growth rate) and drug effect (e.g., drug potency) 
and linking early tumor shrinkage (end-of-cycle 2) to survival 
in a drug-independent model that can be further leveraged to 
simulate expected survival differences for new investigational 
treatments. Similar models, all based on end-of-cycle 2 (week 
6 or week 8) tumor shrinkage, are available in non-small-cell 
lung cancer,10 thyroid cancer,11 ovarian cancer,12 and multiple 
myeloma,13 supporting the use of change in tumor size as an 
end point in phase II studies.14,15

This study proposes a modeling framework for MBC 
based on preliminary work in which the SO14999 study 
was simulated using phase II capecitabine data.5 The mod-
eling framework has been extended to evaluate TGI of the 
capecitabine–docetaxel combination, PFS, and survival and 
assessed to simulate the statistics of interest (upper PFS 
95% HR confidence limit between a lower capecitabine start-
ing dose (850 mg/m2) and the reference 1,250 mg/m2 dose 
level). The PPC of the TGI model did show some bias in 
some of the tested statistics (median and quartiles of frac-
tional change in tumor size at week 6). However, the PPC 
for PFS showed good performance for the pooled studies 
as well as for individual treatment arms and the simulated 
prediction interval of the upper 95% HR confidence limit for 
PFS matched what was observed in study NO16853. This 
indicates that the combined modeling framework was well 
qualified for its intended use.

Simulations demonstrated that study NO16853, designed 
to demonstrate noninferiority (PFS) of low-dose capecit-
abine (825 mg/m2 twice daily) to the currently marketed dose 
of 1,250 mg/m2 twice daily in combination with docetaxel  
75 mg/m2,4 had only 69% power. Further simulations indicated 
that a 20% higher capecitabine dose (1,000 mg/m2 twice 
daily) combined with an increased number of PFS events 
(470 instead of 350) would have yielded 80% power to estab-
lish noninferiority to 1,250 mg/m2 twice daily. These results 
suggest that a starting dose of capecitabine of 1,000 mg/m2 
twice daily is sufficient in second-line MBC without compro-
mising efficacy and potentially improving safety. In addition, 
this dose is in line with current medical practices.16 Extension 
of the modeling framework to incorporate models for dose 
limiting toxicities (such as the hand foot syndrome)17 may be 

1.50

0.78 0.81 0.89
1.40

1.30

1.35

U
pp

er
 9

5%
 h

az
ar

d 
ra

tio
 c

on
fid

en
ce

 li
m

it

1.20

1.10

1.00

825 1,000

Dose mg/m2

1,249

Figure 1  Upper limits of 95% hazard ratio CI for simulated studies 
comparing various capecitabine doses to 1,250 mg/m2 for a 470 
event design. Gray area: 90% prediction interval across 2,000 rep-
licates; Gray line at 1.35: threshold to achieve noninferiority (>80% 
power); Black line: median; Red line: 80% power line; Numbers: 
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warranted to further investigate dosing strategies that may 
improve the benefit to risk ratio of this drug combination.

More prospective studies are needed to better assess the 
potential of modeling and simulation approaches in oncol-
ogy as there is a critical need to improve the efficiency of 
clinical trial design and drug development decisions in this 
therapeutic area.14,15,18

METHODS

Trials and data. Data were obtained from one randomized 
phase III trial and one randomized phase II trial designed to 
assess the efficacy of capecitabine in combination with doc-
etaxel in patients with MBC. The first study, SO14999, demon-
strated the superiority of capecitabine 1,250 mg/m2 twice daily 
(14 days on, 7 days off drug treatment in 3-week treatment 
cycles) combined with docetaxel 75 mg/m2 (day 1) to single-
agent docetaxel every 3 weeks with an increase in median OS 
of 3 months.3 The second study, NO16853, was a randomized 
phase II study that failed to demonstrate the noninferiority of 
a lower capecitabine starting dose (825 mg/m2 twice daily) in 
combination with docetaxel (75 mg/m2) to the registered regi-
men: HR for PFS was 1.16 (95% CI, 0.95; 1.43) with the upper 
bound exceeding the threshold for noninferiority (1.35).4

Tumor responses were assessed using the World Health 
Organization criteria19 in study SO14999 and response eval-
uation criteria in solid tumors20 in study NO16853. Sum of the 
longest diameters for all measurable lesions (when the World 
Health Organization criteria were used) or the target lesions 
(when response evaluation criteria in solid tumors was used) 
were used to develop the longitudinal TGI model. Complete 
dosing histories, PFS, death, and censoring dates were also 
extracted from the respective databases, as well as covari-
ates to be tested as prognostic factors.

Tumor growth inhibition model. We developed a model 
accounting for the dynamics of tumor growth, antitumor 
drug effect, and resistance to drug effect based on a pre-
viously published model.5,6 The model describes tumor size 
(i.e., sum of the longest diameters) as a function of time and 
drug exposure, and accounts for tumor growth, drug action 
(assuming additive effect of capecitabine and docetaxel), 
and development of resistance. Patient-level log-normally 
distributed random effects were allowed on all of the model 
parameters to account for interpatient variability. Drug dose 
was used as the exposure metrics to drive drug effect. Equa-
tions of the model as well as parameter definitions are pro-
vided in the Supplementary Data online. Model parameters 
were estimated in a nonlinear mixed-effect analysis, in which 
data from all patients were analyzed simultaneously using 
the nonlinear mixed effects modeling program (NONMEM) 
(Version VI, level 1.0; GloboMax, Hanover, MD). NONMEM 
control file is given in the Supplementary Data online. The 
model was evaluated using standard goodness of fit plots. 
Model predictive performance was evaluated using a PPC. 
PPC uses the model and the study design to simulate statis-
tics of interest (median and quartiles of fractional change in 
tumor size at week 6) of many, hypothetical, trial replicates 
(n = 500, number of replicates limited by the computation time 

with this model) across model parameter uncertainty (for dif-
ferent replicates), interindividual variability (within replicates), 
and residual error. Observed statistics were compared with 
the posterior predictive distributions by the model.

Survival models. Parametric survival models were developed 
independently for OS and PFS. The models describe the sur-
vival time distribution as a function of covariates. The probabil-
ity density function that best described the observed survival 
time was selected among normal, log normal, Weibull, logistic, 
loglogistic, exponential, and extreme, using difference in log-
likelihood and goodness of fit plots of the alternative models. 
Model parameter estimation was performed using the censor-
Reg function in S-plus (version 8.0; Insightful, Seattle, WA). 
The survival model can be considered as a drug-independent 
model relating a biomarker response (week 6 fractional tumor 
size change from baseline, based on individual predictions 
from the TGI model) and prognostic factors (covariates) to a 
clinical end point (PFS or survival time).5,6,10–13

The following covariates were tested:

  •	� baseline tumor size
  •	� Eastern Cooperative Oncology Group performance 

status
  •	� number of metastases (≤1 vs >1)
  •	� study effect
  •	� Estrogen receptor and progesterone receptor status 

(both negative vs. at least one positive): These covari-
ates were only tested on the final parametric model as 
there was too much missing data.

Covariate effects were first assessed using a Cox propor-
tional hazards regression model using the coxph function in 
S-plus version 8.0. In a second step, covariates were tested 
one by one using the parametric model. All significant covari-
ates from the univariate analysis, using a cutoff criterion at 
P  ≤ 0.05, were added to form a “full” model after which a 
backward stepwise elimination was carried out. At each elimi-
nation step, the relative influence of each remaining covari-
ate on the model was reevaluated by removing it from the 
reduced model on an individual basis using a cutoff crite-
rion at P ≤ 0.05. The obtained model was the so called “final” 
model. The survival models were also evaluated using a 
PPC. Survival times for the same number of patients as in the 
pooled data set were simulated 1,000 times. Parameter val-
ues for the survival model were sampled from the estimated 
mean values and variance-covariance matrix (uncertainty in 
parameter estimates). Observed survival and PFS distribu-
tions were compared with the posterior predictive distribu-
tions by the models (95% prediction interval).

Assessment of the full simulation framework. The full simula-
tion framework (final models for TGI, survival, and PFS) was 
evaluated using a PPC. Multiple replicates (2,000) of study 
NO16853 were simulated. Observed value of the upper 95% 
HR confidence limit (the statistics we are interested in) for PFS 
between 850 mg/m2 and the reference 1,250 mg/m2 dose level 
was compared with the posterior distribution (95% prediction 
interval) given the model and the data. The simulation process 
was as described next in the clinical trial simulation section.
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Clinical trial simulations. The simulation framework was used to 
replicate the outcome of virtual studies with the same design 
as study NO168534 using different capecitabine starting 
doses (825 mg/m2, 1,000 mg/m2, and 1,249  mg/m2 twice 
daily, days 1–14) in combination with docetaxel (75 mg/m2, 
day 1) every 3 weeks compared with a reference arm receiv-
ing capecitabine 1,250 mg/m2 with docetaxel. Cycle 1 and 
2 dosing histories (dose modifications and dose delays) were 
required to simulate week 6 tumor shrinkage using the TGI 
model. For simulated doses, 850 and 1,250 mg/m2 dosing his-
tories were sampled from observed in the respective arms of 
study NO16853. For simulated dose 1,000 and 1,249 mg/m2  
dosing histories were sampled from observed in the  
1,250 mg/m2 arm. This approach is conservative in that it pro-
vides downward biased efficacy estimates for 1,000 mg/m2 as 
higher relative dose intensity would be expected as compared 
with 1,250 mg/m2. For each arm, data for 235 patients were 
simulated corresponding to the intent-to-treat population size 
of each arm in NO16853.4 The studies were replicated 2,000 
times. Parameter values for the different models were sampled 
from the estimated mean values and interindividual variabil-
ity (within replicates, TGI model only) and model parameter 
uncertainty as estimated by the NONMEM covariance matrix 
of parameter estimates (for different replicates). Patient char-
acteristics were sampled with replacement from the observed 
data of the patients in study NO16853, keeping the within-
patient correlations. The rate of patient recruitment was simu-
lated to approximately follow the observed recruitment rate in 
study NO16853 (15.2 patients/month) with a total recruitment 
period of 25 months and with a doubled rate period starting at 
6 months and stopping 6 months later. The simulated study 
replicates were terminated when the target number of disease 
progression or death events were reached (e.g., 350 as in the 
NO16853 study4 or larger). Patients simulated to be alive or 
with no disease progression were recorded with censored sur-
vival and PFS, respectively. Patients who dropped out before 
the end-of-cycle 2 could not be simulated using the TGI and 
survival models; consequently, simulations were corrected for 
these early dropouts as follows: the probability of dropping out 
before the second tumor assessment at week 6 was set to the 
total observed number of early dropouts in the 1,250 and 825 
mg/m2 arms of study NO16853 (825 mg/m2: 17/235, 1,250 
mg/m2: 25/235) divided by the total number of patients in the 
intent-to-treat population (binomial distribution probability = 
42/470). Survival and PFS times for these patients were sam-
pled with replacement from the observed values.

For each study replicate:

  •	� a Kaplan–Meier estimator was used to calculate the 
median (95% CI) PFS

  •	� the Cox proportional hazard regression model was used 
to calculate the HR (95% CI) for PFS between each sim-
ulated dose level and the reference 1,250 mg/m2 dose 
level.

The power of any study with a given starting dose to show 
noninferiority to the reference dose of 1,250 mg/m2 was cal-
culated as the proportion of replicates with upper limit of HR 
95% CI not exceeding 1.35 (per the statistical analysis plan 
of study NO16853).4
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
Clinical trial simulation is not used to optimize clinical 
trial design in oncology. There is a high failure rate in late 
stage trials.

WHAT QUESTION DID THIS STUDY ADDRESS?
A modeling framework is built based on a failed phase 
II study and an historical phase III study. Clinical trial 
simulations showed that an improved design may have 
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