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Abstract
Background—To hasten and improve anticancer drug development, we created a novel
approach to generating and analyzing preclinical dose-scheduling data so as to optimize benefit-to-
toxicity ratios.

Methods—We applied mathematical methods based upon Norton-Simon growth kinetic
modeling to tumor-volume data from breast cancer xenografts treated with capecitabine (Xeloda®,
Roche) at the conventional schedule of 14 days of treatment followed by a 7-day rest (14 - 7).

Results—The model predicted that 7 days of treatment followed by a 7-day rest (7 - 7) would be
superior. Subsequent preclinical studies demonstrated that this biweekly capecitabine schedule
allowed for safe delivery of higher daily doses, improved tumor response, and prolonged animal
survival.

Conclusions—We demonstrated that the application of Norton-Simon modeling to the design
and analysis of preclinical data predicts an improved capecitabine dosing schedule in xenograft
models. This method warrants further investigation and application in clinical drug development.
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INTRODUCTION
Typically, anticancer drug development aims to determine a dose level and schedule for
clinical use based on preclinical experiments and initial clinical trials that usually use
toxicity as their endpoints[1]. The assumption is that maximum anticancer effects may be
achieved by maximizing the amount of drug delivered as a function of time, using toxicity
as the limiting factor[2]. This is in spite of evidence in clinical breast cancer management, as
one example, that better anticancer results are not always associated with increased dose
levels[3–6]. There is indeed a biochemical rationale for the prospect that an optimum dose-
schedule may not be the maximum-tolerated dose schedule. Tachyphylaxis, the waning of
medication effect when used on a continuous basis, may develop with ongoing exposure.
Hence, depending on the schedule of administration, more drug may not be more effective
drug.
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There is a need, therefore, for a method of using preclinical data to determine the optimal
schedule and dose level of an anticancer drug or regimen, rather than the most dose-
intensive schedule (defined as the amount of drug per body weight or surface area as a
function of time, eg, mg/m2/week). Moreover, the trial and error iterative approach to
determining clinical dose schedules is laborious and expensive. Improved methods may
therefore produce not only better regimens, but may be more cost efficient and expeditious.

Mathematical modeling and simulation are potentially useful in this regard, just as these
tools have proved to be useful in the physical, chemical, and economic sciences. Several
mathematical models have been proposed to describe the natural history of breast cancer[7–
14]. Of these, the Gompertz equation is particularly accurate in estimating the growth of
normal organs and unperturbed malignant tumors. In Gompertzian growth, the relative rate
of increase in population size (i.e., the rate of growth divided by the absolute size) falls
exponentially as the population grows larger, eventually approaching a limiting plateau
phase of slow, even imperceptible, absolute growth (Figure 1; APPENDIX) [15–18]. Norton
and Simon previously demonstrated that when tumors, essentially populations of cancer
cells, are perturbed by anticancer therapy, their rate of regression was proportional to their
Gompertzian-predicted, unperturbed growth rates [7–10]. This observation led to the
hypothesis that maximal benefit from bolus chemotherapy requires (1) defining a dose level
of drug that yields maximum growth perturbation within acceptable limits of toxicity and (2)
administering repeated cycles of drug at that dose level as rapidly as feasible by minimizing
inter-treatment intervals[19]. This concept of dose density has been validated in preclinical
and clinical experiments[20–24], leading to improved dosing schedules for the adjuvant
treatment of women with early stage breast cancer and their improved survival.

We now describe a mathematical method, similarly derived from the Gompertz equation by
which the dosing schedule for a drug may be determined based upon maximal efficacy
rather than maximal tolerable toxicity. This paper will describe the derivation of the method,
and the application of this method to predicting an alternative Capecitabine (Xeloda®)
schedule.

Why Capecitabine?
Capecitabine is an orally administered pro-drug of 5-fluorouracil designed to exploit the
differences in metabolic enzyme activity between tumor cells and normal, healthy
tissue[25]. It has substantial antitumor activity as a single agent in refractory breast cancer,
with reported response rates ranging between 15–29%, and median overall survival
durations ranging between 10.1–15.2 months[26–29]. The drug is approved by the United
States Food and Drug Administration (FDA) as monotherapy for treatment of patients with
metastatic breast cancer resistant to anthracycline- and taxane-containing regimens, and also
in doublets with docetaxel, ixabepilone and lapatinib for previously treated, metastatic breast
cancer [30–33]

Multiple, conventional phase I and II trials have explored capecitabine dosing strategies
including continuous and intermittent schedules across tumor types [34–36]. Ultimately,
median time to progression appeared longest when capecitabine monotherapy was
administered for 14 days, followed by a 7-day treatment rest (14 – 7) at a dose of 2,510 mg/
m2/day in 2 divided daily doses. This dose and schedule became the FDA approved
capecitabine recommended treatment.

Nevertheless, in practice this dosing schedule has proved to be problematic, which might be
limiting the use of this very active agent. Dose interruptions and reductions have been
necessary in ~34–65% of patients receiving capecitabine at the FDA-recommended dose
level and schedule, and as many as 12–16% of patients in clinical trials have discontinued
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the drug because of toxicity rather than disease progression[29, 37]. In clinical practice,
physicians have found it necessary to use reduced dose levels of the drug or to modify the 14
- 7 schedule empirically so as to avoid intolerable toxicity[38]. These practice patterns have
been in the absence of theoretically motivated and experimentally determined guidelines.
The need for an improved capecitabine dosing schedule which minimizes toxicity while
maintaining or improving efficacy is apparent. Here, we describe the application of a novel
mathematical method to optimize dosing schedule for capecitabine.

METHODS
Modeling theory

Oral anticancer medications have the potential for ease of frequent administration so as to
prolong exposure of the cancer to drug effects. We hypothesized that if drug is administered
at some continuous dosing interval, there are 3 likely possibilities regarding drug effects on
Gompertzian growth over time: (1) the efficacy of therapy increases to a peak, and continues
at that peak as long as therapy is applied (Figure 2A), (2) the efficacy of therapy increases
with continued dosing (Figure 2B), and (3) the efficacy of therapy reaches a peak but then
declines as therapy is continued (Figure 2C). For the first two scenarios, treatment should be
continued as long as toxicity allows. However, in the third case, we hypothesize that the
optimal way to schedule drug would be to dose continuously to the point of maximal impact
of therapy, then stop (Figure 2D). Treatment beyond the point of maximal drug effect may
shift the therapeutic index with toxicity outweighing a dimished antitumor benefit. After the
shortest period of recovery feasible and restoration of maximum drug sensitivity for the
tumor, repeated cycles should then be introduced (Figure 2E).

To estimate the impact of drug effect over time using Gompertzian models, one can compare
the predicted rate of growth from unperturbed curves with the predicted rate of growth from
treated curves over time. A rational dosing strategy can then be determined based on the
time point of maximal impact of drug effect. Our preclinical experiments and mathematical
representation of this method are described below.

Methods
Initially, mice bearing MX-1 human breast cancer xenografts received daily dosed
capecitabine for 14 days, followed by a 7-day rest[39]. Control, untreated xenografts were
compared with 2 dose levels of capecitabine (1.5 mmol/kg/day (~540 mg/kg) and 2.25
mmol/kg/day (~809 mg/kg)). Compound was formulated as a suspension in citrate buffer
(pH 6.0) containing 5% gum arabic. Mean tumor volume over time was plotted for the 10
mice per cohort, and curve fitting of tumor growth data was performed by nonlinear, mixed-
effects, population modeling using NONMEM V software.

Data were analyzed by measuring at each time point (t) after the initiation of therapy (TRx)
the value of one minus the ratio of the Gompertzian growth rate of the tumor in the treated
state with that estimated from data that would be observed for a tumor of that size in the
control, unperturbed state:

Curve-fitting of tumor growth data was performed by nonlinear, mixed-effects, population
modeling using NONMEM V software. The First Order estimation was used throughout the
modeling.
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The effect of multiple cycles of treatment were considered to be additive,

although the magnitude and duration of effect Di(t) for each of the n cycles were estimated
separately. The curve D(t) was examined for pattern and dD(t)/dt for t>TRx was calculated
so as to determine, if appropriate, a TD-max such that dD(TD-max)/dt = 0.

The next set of experiments sought to validate this model in a second xenograft system
known to be responsive to capecitabine, and to compare the predicted, optimized dosing
schedule with the conventional capecitabine dosing schedule of 14 – 7. KPL-4 human breast
cancer xenografts received daily dosed capecitabine for 14 days, followed by a 7-day rest.
Compound was formulated as a suspension in 2% Klucel LF, 0.1% Tween 80, 0.09%
methylparaben, and 0.01% propylparaben. The 2% Klucel is a more optimal capecitabine
formulation than the gum arabic; therefore, higher exposure and lower MTD is observed
when compared with the MX-1 studies.

Efficacy data were graphically represented as the mean tumor volume + standard error of the
mean (SEM). Tumor volumes of treated groups were presented as percentages of tumor
volumes of the control groups (% T/C), using the formula: 100 × ([T - T0]/[C - C0]), where
T represented mean tumor volume of a treated group on a specific day during the
experiment, T0 represented mean tumor volume of the same treated group on the first day of
treatment; C represented mean tumor volume of a control group on the specific day during
the experiment, and C0 represented mean tumor volume of the same control group on the
corresponding first day of treatment. Tumor volume (in cubic millimeters) was calculated
using the ellipsoid formula: (D × [d2])/2 where D represents the large diameter of the tumor,
and “d” represents the small diameter. In some cases, tumor regression and/or percent
change in tumor volume was calculated using the formula: ([T-T0]/T0) × 100, where T
represents mean tumor volume of the treated group at a particular day, and T0 represents
mean tumor volume of the same treated group at initiation of treatment. Statistical analysis
was determined by the Mann Whitney rank sum test (SigmaStat, version 2.0, Jandel
Scientific, San Francisco, CA).

For the survival assessment, animals were evaluated for tumor re-growth following
cessation of treatment. Results were plotted as the percentage survival against days after
tumor implant (Stat View, SAS Institute, Cary NC). Tumor re-growth to a volume of 500
mm3 was considered as a surrogate for death when calculating ILS. The percent ILS was
calculated as 100 × ([median survival day of treated group - median survival day of control
group]/median survival day of control group). Median survival was determined by utilizing
Kaplan-Meier survival analysis. Survival in treated groups was compared with the vehicle
group by log-rank test, and survival comparisons between groups were analyzed by the
Breslow-Gehan-Wilcoxon test (Stat View, SAS, Cary, NC). All differences between groups
were considered significant when the probability value (P) was <.05.

RESULTS
Figure 3 illustrates that tumor growth in untreated, control mice is closely fit by the
Gompertzian function. Similarly, the Norton-Simon equation closely approximated tumor
volumes for animals treated with capecitabine at 2 dose levels: 1.5 mmol/kg/day (~540 mg/
kg/day) and 2.25 mmol/kg/day (809 mg/kg/day) (Figure 4)[40]. We observed that the impact
of capecitabine follows the pattern of drug effect hypothesized in Figure 2C. At the lower
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dose level (1.5 mmol/kg/day or ~540 mg/kg/day), the maximal impact of treatment occurred
~10 days after the start of capecitabine (day 27) (Figure 5). At a capecitabine dose of 2.25
mmol/kg/day or ~809 mg/kg/day, the maximal impact of treatment occurred ~8 days after
the start of therapy (Figure 6). For treatment days beyond this point, the impact of
capecitabine drug effect decreases despite continued administration[40]. Based on these
results, we hypothesized an optimal capecitabine dosing schedule would deliver drug for 7
consecutive days (to approximate point of maximal drug effect) followed by a 7 day rest (7
—7).

On the basis of the analysis done with MX-1, an experiment using a second xenograft
system (KPL-4), compared (7 - 7) dosing with conventional (14—7) dose scheduling[41].
The KPL-4 cell-line was chosen to confirm findings in more than one breast cancer
xenograft model known to be responsive to capecitabine. The (7 – 7) schedule was chosen to
facilitate clinical extrapolation. Preclinical xenograft experiments in the KPL-4 model
previously determined that the maximum tolerated dose (MTD) of capecitabine when
administered on the conventional schedule (14 - 7) is 400 mg/kg/day. At this dose level,
capecitabine slows tumor growth compared with control (% tumor growth inhibition TGI,
p<0.05 both treated groups), and improves survival (% ILS, p<0.05 both treated groups) but
does not cause tumor regression (Figure 7) [41].

Using the methods described above, the maximal drug effect was determined for these 2
schedules when escalating doses of capecitabine were delivered daily. The 7 - 7 schedule
permitted delivery of higher daily doses, yielding increased maximal drug effect compared
with the 14 - 7 schedule (Figure 8). Similarly designed xenograft experiments testing
capecitabine 7 - 7 achieved a significantly higher MTD (700 mg/kg/day) than previously
possible on the 14 - 7 schedule[42]. In fact, dose escalation to 700 mg/kg/day had
significantly higher antitumor activity when compared to the 500 mg/kg/day dose level (P<.
001) or the 600 mg/kg/day dose level (P=.009) by the Mann Whitney Rank Sum test. As
predicted by our mathematical model, the capecitabine 7 - 7 dosing schedule achieved
greater antitumor activity. The 7 - 7 dosing schedule was associated with increased tumor
growth inhibition, increased survival compared to vehicle control (all groups p<0.05 for
%TGI and %ILS respectively) and, more importantly, with significant tumor regressions
(Figure 9). Hence, the effect of multiple cycles of properly dosed and scheduled
capecitabine follows the simulated pattern illustrated in Figure 2E.

DISCUSSION
Using our mathematical method, these data indicate that the maximum benefit from
capecitabine occurs ~8–10 days after the start of therapy. Administration of additional drug
beyond the point of maximum anticancer impact may contribute to additional toxicity
without necessarily augmenting therapeutic benefit. Hence, the second week of
administration in a conventional 14 - 7 capecitabine schedule may contribute more to the
toxicity of treatment than to its anticancer effect. Cumulative toxicity over multiple cycles
may result, unbalanced by therapeutic gain.

The 7—7 dosing schedule of capecitabine, predicted to be optimal by our model, appears to
be supported by data from our preclinical xenograft experiments testing this hypothesis.
Capecitabine 7—7 dosing demonstrated a higher MTD, with improved tumor regression and
survival when compared to historical and preclinical controls (14—7).

We posit that a practical capecitabine dosing schedule of 7 days of therapy followed by a 7-
day rest will maximize the benefit/toxicity ratio of this drug in clinical practice.
Furthermore, the preclinical work described herein suggests that higher daily doses of drug
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may be delivered safely when this biweekly schedule is followed. This may increase the
efficacy of the drug if the suggestion from our preclinical work of a rising dose-response
relationship is established clinically.

While prospective clinical trials have explored alternate dosing strategies for capecitabine,
many of these used the drug in combination with other cytotoxic therapies. A dose-
escalation trial of biweekly capecitabine in combination with oxaliplatin for the treatment of
advanced colorectal cancer defined the maximum tolerated dose of capecitabine in this
regimen as 3,500 mg/m2/day[43]. Dose limiting toxicities included gastrointestinal
symptoms such as diarrhea, nausea, vomiting and palmar plantar erythrodysesthesia. The 7 -
7 schedule was thus shown to be feasible and safe, but its single-agent efficacy or
contribution to efficacy in this combination compared with the conventional schedule cannot
be determined from this trial. A second randomized phase II trial explored high-dose
gemcitabine with or without biweekly capecitabine for the treatment of metastatic pancreatic
cancer[44]. Patients received capecitabine at 2,500 mg/m2/day for 7 days followed by a 7-
day rest period. The results suggest that the combination regimen was well tolerated as
≥Grade 3 toxicities were infrequent. Comparative efficacy, however, remains indeterminate
because of trial design.

Mathematical analysis of our preclinical data together with supporting results from
prospective animal experiments has led to the hypothesis that capecitabine 7 - 7 may have an
optimal efficacy/toxicity ratio compared with the conventional 14 - 7 schedule. We have
completed a phase I clinical trial in patients with advanced breast cancer supporting this
hypothesis[45]. Based on additional preclinical support, phase II studies of capecitabine 7 -
7 in combination with biological agents are ongoing[46, 47]. Furthermore, a prospective,
randomized, phase III trial of the comparative efficacy and toxicity of the novel schedule
versus the conventional schedule is planned through the SLACOM cooperative group. This
modeling approach is also being applied early in the development of a new, cytotoxic agent
and phase I/II studies are ongoing to explore predicted schedules clinically. [48]

Moving new anticancer agents expeditiously and economically through preclinical testing
into clinical trials at optimal dose levels and schedules is one of the significant challenges in
experimental oncology. There is an ethical as well as pragmatic imperative for defining
methods to better accomplish this goal. Inordinate and unnecessary toxicity to patients,
discontinuation of active regimens because of toxicity while the disease is still responsive,
and rejection of potentially active new agents in the development process are just some of
the unfortunate consequences of choosing suboptimal dose schedules for testing and
marketing. The mathematical approaches described in this paper may be an efficient way of
ameliorating this situation, which we intend to study further in the context of new drugs,
drug combinations, and other novel therapeutics.
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APPENDIX

Gompertzian Growth
This pattern is described by the differential equation

where N(t) is the population size as a function of time t and α and β are constants such that:

Mathematical Representation of Hypothetical Responses to Dosing
If the Gompertzian growth perturbation due to treatment is expressed as a function of time,
D(t), the above equation becomes:

Thus, if a tumor’s unperturbed growth prior to therapy is fit so as to estimate parameters α,
β, and N(0), curve-fitting to the curve after initiation of therapy at time TRx may be used to
determine the function D(t). D(t) is zero for values of t before TRx and greater than or equal
to zero thereafter. It is a logical consequence of this formulation that the maximum
anticancer effect at a time T > TRx would result from maximizing the definite integral

 while minimizing T –TRx.
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Figure 1.
The Gompertzian growth curve representing an untreated population of tumor cells. D(t) = 0
for all values of t. The S-shaped pattern of unperturbed Gompertzian growth is evident.
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Figure 2.
Conceptual sketches of Gompertzian growth curves in response to treatment, illustrating
proposed patterns of drug effect (2A, 2B and 2C). The top panels of each curve demonstrate
the magnitude of drug effect over time, as calculated by measuring at each time point after
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the initiation of therapy, the value of one minus the ratio of the Gompertzian growth rate of
the tumor in the treated state with that estimated from data that would be observed for a
tumor of that size in the control state. Panels 2D and 2E represent the theoretical impact of
treating to the point of maximal drug effect if response to therapy mimics scenario 2C.
Treatment is signified by arrows at times of administration.
2A: Gompertzian growth perturbed by effective continuous treatment in a case where the
efficacy of therapy D(t) increases to a stable plateau greater than zero.
2B: Gompertzian growth perturbed by effective continuous treatment in a case where the
efficacy of therapy D(t) increases consistently as long as the treatment continues.
2C: Gompertzian growth perturbed by effective continuous treatment in a case where the
efficacy of therapy D(t) increases to a peak, then decreases as treatment continues beyond
the time of that peak, TD-max. In this case, D(t) remains greater than zero even for t >
TD-max, so treatment is slowing growth but not causing tumor regression. That is,
dD(TD-max)/dt = 0. In this case, we propose the best way to schedule drug would be
continuous dosing between TRx and TD-max, then discontinuation.
2D: Gompertzian growth perturbed by effective treatment that is discontinued after TD-max.
There is an exponentially declining D(t) after treatment discontinuation.
2E: Gompertzian growth perturbed by effective intermittent treatment where drug
administration ends at the point of maximum drug effect. The length of each therapy cycle is
constant, TD-max – TRx as guided by Figure 2C.
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Figure 3.
Treatment-naïve, MX-1 xenograft tumor volumes compared with predicted tumor volumes
according to the Gompertzian model. Data shown are mean tumor volumes of 10 mice.
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Figure 4.
Observed and predicted MX-1 xenograft tumor volumes when treated at 2 capecitabine
doses (1.5 mmol/kg/day and 2.25 mmol/kg/day). Capecitabine is administered on the
conventional 14-7 schedule. Mean tumor volumes shown for 10 mice per treatment group.
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Figure 5.
The drug effect of capecitabine 1.5mmol/kg/day is shown over time, in solid circles, when
dosing begins on Day 17. Open circles represent the rate of change in drug effect over time.
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Figure 6.
The drug effect of capecitabine 2.25mmol/kg/day is shown over time, in solid circles, when
dosing begins on Day 17. Open circles represent the rate of change in drug effect over time.
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Figure 7.
(a) In a KPL4 xenograft, mean tumor volumes over time are shown for capecitabine dosing
by conventional schedule (14 – 7) at two dose levels and control. The maximum tolerated
dose of capecitabine 14—7 has previously been established at 400mg/kg/d.
(b) Kaplan Meier survival curves for capecitabine at escalating doses when administered by
conventional schedule (14—7).
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Figure 8.
The maximal drug effect is summarized for KPL4 xenografts when given capecitabine at
increasing doses. The solid circles represent the 7—7 schedule; open circles represent
control (14—7). Capecitabine at 2.5mmol/kg/day was not deliverable at the 14—7 schedule
due to mortality for study mice.
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Figure 9.
(a) In a KPL4 xenograft, the mean tumor volume over time is shown for capecitabine 7—7
when administered at increasing dose level and control.
(b) Kaplan Meier survival curves for capecitabine at escalating doses when administered at
the 7—7 dosing schedule.
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