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ABSTRACT
Purpose Pharmacometric models provide useful tools to aid
the rational design of clinical trials. This study evaluates study
design-, drug-, and patient-related features as well as analysis
methods for their influence on the power to demonstrate a
benefit of pharmacogenomics (PGx)-based dosing regarding
myelotoxicity.
Methods Two pharmacokinetic and one myelosuppression
model were assembled to predict concentrations of irinotecan
and its metabolite SN-38 given different UGT1A1 genotypes
(poor metabolizers: CLSN-38: -36%) and neutropenia follow-
ing conventional versus PGx-based dosing (350 versus
245 mg/m2 (-30%)). Study power was assessed given diverse
scenarios (n= 50–400 patients/arm, parallel/crossover, vary-
ing magnitude of CLSN-38, exposure-response relationship,
inter-individual variability) and using model-based data anal-
ysis versus conventional statistical testing.
Results The magnitude of CLSN-38 reduction in poor metab-
olizers and the myelosuppressive potency of SN-38 markedly
influenced the power to show a difference in grade 4 neutro-
penia (<0.5·109 cells/L) after PGx-based versus standard dos-
ing. To achieve >80% power with traditional statistical anal-
ysis (χ2/McNemar’s test, α = 0.05), 220/100 patients per
treatment arm/sequence (parallel/crossover study) were re-
quired. The model-based analysis resulted in considerably
smaller total sample sizes (n = 100/15 given parallel/
crossover design) to obtain the same statistical power.
Conclusions The presented findings may help to avoid unfea-
sible trials and to rationalize the design of pharmacogenetic
studies.
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ABBREVIATIONS
AUC Area under the concentration-time curve
BSA Body surface area
CI Confidence interval
CPT-11 Irinotecan
CV Coefficient of variation
DPWG Dutch Pharmacogenetics Working Group
IIV Inter-individual variability
IOV Interoccasion variability
OFV Objective function value
PD Pharmacodynamic
PGx Pharmacogenomics
PK Pharmacokinetic
PM Poor metabolizers
SN-38 7-ethyl-10-hydroxycamptothecin
SN-38-
G

SN-38-glucuronide

SSE Stochastic simulation and estimation
UGT1A1 Uridine diphosphate-glucuronosyltransferase 1A1
VPC Visual predictive check
WT Wild-type

INTRODUCTION

The accumulating knowledge of genomic variations between
patients and their association with adverse drug reactions has
prompted an emerging model of personalized medicine in-
volving genotype-informed treatment stratification (1). With
the ultimate goal to improve patient outcome and therapy
safety, pharmacogenomics (PGx)-based treatment
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recommendations have been developed inter alia by the
Clinical Pharmacogenetics Implementation Consortium and
the Dutch Pharmacogenetics Working Group (DPWG) (2–4).
However, their widespread adoption in routine clinical prac-
tice has been impeded by several challenges, including the lack
of evidence demonstrating their clinical utility (5). To fill this
gap and evaluate a potential positive impact of PGx-based
dosing, clinical trials are required.

The design of pharmacogenetic trials is critical for their
efficiency and success, though not trivial. Key considerations
include the choice of a relevant study endpoint, the expected
effect size (e.g. the magnitude of reduction of adverse drug
reactions after PGx-based versus conventional dosing), and
the sample size associated therewith. The number of subjects
should be sufficiently large to detect the defined effect size with
reasonable power, though at the same time be feasible with
respect to the allotted budget and time. As a further compli-
cation, the availability of potentially recruitable patients might
be limited depending on the studied genetically defined pa-
tient (sub-)population.

Pharmacometric models and simulations provide useful
tools to aid the rational design of clinical trials. Model-based
approaches have rendered growing contribution to inform
decision-making processes in drug development, not least be-
cause regulatory agencies have increasingly advocated their
application (6), but also in the clinical setting to support dosing
recommendations, improve therapeutic efficacy and safety (7).
Pharmacokinetic/pharmacodynamic (PK/PD) models allow
to explore the consequences of dosing on drug concentrations
and on favorable or adverse effects and enable realistic simu-
lations of clinical trials and their power, with the goal to max-
imize study informativeness and efficiency.

Model-based data analysis of clinical trials entails the ad-
vantage of simultaneously analyzing and thus making use of
all available data of the investigated subjects (typically repeat-
ed measurements over time) and has the potential to increase
the overall information content of clinical trials compared to
traditional statistical analysis methods. In contrast, the latter
non-model-based approaches conventionally only consider
one single time point of the concentration- or effect-time pro-
file (8). The utility of clinical trial simulations andmodel-based
data analysis methods to inform the design of clinical studies
has been demonstrated across various therapeutic fields
(9–11). In pharmacogenomics, pharmacometric models have
foremost been used to enhance the understanding of the im-
pact of genetic variants on drug exposure and various out-
comes rather than for clinical trial design. For example, irino-
tecan among other chemotherapeutic drugs has been the sub-
ject of different pharmacogenomic investigations, although no
combined PK/PD model also illustrating the impact of PGx
has been published yet (12).

The topoisomerase I inhibitor irinotecan (CPT-11,
Camptosar®) constitutes a valuable treatment option for

colorectal cancer and other solid tumors. It is approved as
single-agent regimen at a dose of 350 mg/m2 (adminis-
tered as i.v. infusion over 90 min every 3 weeks) and at
lower doses as part of combination therapy regimens (13).
Irinotecan (t1/2_CPT-11 = 6–12 h) is bioactivated by hydro-
lysis into its 100–1000 times more potent metabolite SN-38
(t1/2_SN-38 = 10–20 h) and further metabolized by the en-
zyme uridine diphosphate-glucuronosyltransferase 1A1
(UGT1A1) to the inactive SN-38-glucuronide (SN-38-G)
(13–15). Aberrant UGT1A1 genetic variants may confer
reduced UGT1A1 activity, as shown by a population phar-
macokinetic analysis revealing a 36% reduced clearance of
the metabolite SN-38 in patients with genotypes *28/*28
and *1/*28 (in the following referred to as “poor metabo-
lizers”) compared to patients with UGT1A1*1/*1 (“wild-
type”) genotype (16, 17). Particularly patients homozygous
for the UGT1A*28 allele display a dose-dependent in-
creased risk of irinotecan-induced grade 3–4 hematologic
toxicity (14, 18, 19). Thus, a PGx-based reduction of the
initial dose by 30% for standard doses >250 mg/m2 has
been recommended for poor metabolizers (*28/*28) (3).

The objective of the current study was to evaluate the im-
pact of varying study design-, drug- and patient-related fea-
tures on the statistical power to discern a significant difference
in the occurrence of adverse events after PGx-based versus
conventional dosing. Furthermore, a pharmacometric
model-based approach of data analysis was illustrated in com-
parison to traditional statistical testing with respect to study
power. The objectives are exemplified by a population PK/
PD model for irinotecan integrating the impact of PGx on
drug exposure and toxicity response.

METHODS

Several pharmacometric model sources were integrated to
enable the simulation of irinotecan and metabolite concentra-
tions for different genetic variants of UGT1A1 and an associ-
ated response reflected by the change of neutrophils during
chemotherapy. The combined PK/PD model served as the
basis to evaluate alternative study designs and data analysis
methods for their power to show a benefit of PGx-based versus
standard dosing of irinotecan with respect to the occurrence of
severe neutropenia.

Population Models

Population Pharmacokinetic Model for Irinotecan, SN-38
and SN-38G

A previously published multi-compartmental PK model was
used as a starting point to simultaneously describe plasma
concentrations of CPT-11 (number of individuals nID =
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109), SN-38 (nID = 109) and SN-38G (nID = 83) in patients
with solid tumors receiving 300 mg/m2 (median; range:
100–350 mg/m2) irinotecan as i.v. infusions over 1.5 h (range
0.75–2.25 h) every three weeks (20). The model was extended
with a covariate effect quantifying the impact of patients’
UGT1A1 genotype on the elimination of the active metabo-
lite SN-38 (CLSN-38 -35.7% for UGT1A1*28/*28 or*1/*28;
see Fig. 1) (17). The original model accommodating the PGx-
CLSN-38 relationship was built upon data from 72 Caucasian
patients with solid tumors receiving irinotecan infusions (65–
350 mg/m2, 60–90 min) every two weeks (17, 20). A mixture
modeling approach was used, assuming two subpopulations
(patients with wild-type UGT1A1 genotype and poor metab-
olizers with CLSN-38 -35.7%) with separately estimated CLSN-
38 and intercompartmental clearance (QSN-38), when updating
model parameters given the extended clearance model. The
proportion of patients with UGT1A1*28/*28 and *1/*28was
fixed to 62% according to the prevalence of these genotypes in
Caucasians (21). Body surface area (BSA) was added as a
covariate on the distribution and elimination parameters of
all three entities CPT-11, SN-38 and SN-38G.

Semi-Mechanistic PK/PD Model of Neutropenia

Neutropenia during irinotecan therapy was described using a
semi-mechanistic PK/PD model of chemotherapy-induced
myelosuppression (22). The model was based on 20 patients
with solid tumors, who contributed 79 observations following
single-agent irinotecan therapy and constituted a subset of the
population underlying the PK model for irinotecan (20, 22).
The myelosuppression model mimics the maturation of blood
cells and distinguishes between drug-specific parameters and
three system-related parameters (baseline, mean transit time and
feedback, see Fig. 1). The model was adapted with respect to
the drug-specific parameters such that the active metabolite SN-
38 acted as the driving force inducing myelosuppression. The
effect of SN-38 concentrations on the proliferation of sensitive
cells was described by an inhibitory linear model and quanti-
fied by a slope parameter (drug effect Edrug(t) = slope · conc).

Evaluation of the Population PK/PD Models

Model evaluation comprised standard goodness-of-fit plots
(e.g. observed versus population and individual predicted con-
centrations, conditional weighted residuals versus population
predicted concentrations and time), precision of parameter
estimates and scientific plausibility. Model comparison was
further guided by statistical significance, i.e. the difference in
the objective function value (i.e. approximate −2 log likeli-
hood) between nested models (ΔOFV >3.84, α= 0.05, df=
1). Visual predictive checks (VPC), i.e. assessment of 1000
concentration-time profiles simulated based on the final

parameter estimates, were used to evaluate the predictive per-
formance of the model.

Study Design Evaluation to Assess the Power to Show
a Clinical Benefit of PGx-Based Dosing

The combined population PK/PD model was used for simu-
lations (n= 500–1000) to illustrate new, yet unstudied “what-
if” scenarios, including the consequences of UGT1A1 geno-
type and dosing on drug exposure and myelosuppression as a
relevant clinical toxicity endpoint. Furthermore, we systemat-
ically investigated reasonable study conditions including the
impact of varying study design features, drug-, patient- and
model-related aspects as well as methods of data analysis on
the statistical power of a clinical trial aiming to observe a
significant change in neutropenia after PGx-based versus con-
ventional dosing in poor metabolizers (Fig. 2). First, a default
scenario with respect to study design, patient population and
features of the model was set up. Furthermore, alternative study
designs and model aspects of importance were systematically
varied and explored for their impact on study power.

For each specific investigated study design, 500 replicates
of a clinical trial were generated by stochastic simulations with
the PK/PD model, considering PK and PD inter-individual
and residual variability. Simulated baseline concentrations of
neutrophils were constrained to a clinically realistic lower limit
of 1.5·109 cells/L, which was in agreement with the recom-
mendation not to start irinotecan therapy if values are lower,
as well as with patient data underlying the two combined
population PK models (13, 17, 20). The upper baseline limit
for neutrophils was set to 15·109 cells/L.

Default Clinical Trial Design Scenario

A virtual study population of poor metabolizers was created.
BSA was sampled from a normal distribution (mean
1.87 m2, standard deviation 0.25 m2) truncated at 1.3–
2.5 m2. The selected range of BSA reflected the cancer patient
population underlying the used population PK model for iri-
notecan (20) and results of a vast multicenter study on the BSA
area of adult cancer patients (23). To assess myelotoxicity, a
clinically feasible sampling scheme for neutrophils with weekly
intervals (days 0–7–14-21) was chosen. The observation peri-
od of three weeks was in accordance with the dosing interval of
the approved single-agent therapy regimen (13).

A parallel study designwas chosen as the default scenario (see
Fig. 2). A sample size of n= 200 patients per treatment arm was
selected after a preliminary exploratory statistical analysis (see
Supplementary Material). Patients were randomized to re-
ceive irinotecan either as standard or PGx-based dosing regimen:
The single-agent standard dosing regimen of 350 mg/m2 irino-
tecan was selected according to the product label (13) and in
agreement with the mean dosing scheme underlying the
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original semi-mechanistic PK/PD model for myelosuppres-
sion (22). The dose of 350 mg/m2 was within the range for
which PGx-based dose adjustment is recommended
(>250 mg/m2 (3)). The PGx-based dosing regimen (245 mg/
m2 for patients with *28/*28 genotype) was chosen according
to the recommendation of the DPWG guideline to reduce the
initial standard dose by 30% (3). For all doses, single-dose i.v.
infusion over 90 min was assumed (13).

Alternative Clinical Trial Scenarios

The study population of the alternative studies and sampling
scheme for neutrophils corresponded to those of the default
scenario. The investigated alternative studies deviated
from the default scenario with respect to one or more
study design features, drug-specific characteristics and
model parameters as follows: Apart from parallel study
design, studies with (3-period/2-sequence/2-treatment)
crossover design were simulated (see Fig. 2). In the trial
simulations, the sample size was varied from n = 50–400
patients per treatment group (parallel design) or sequence
(crossover design). Myelotoxicity was assessed after the
first dose, and in the cross-over design also after the third
dose.

Apart from the single-agent labelled standard dosing regi-
men and the PGx-based dosing regimen recommended in the
DPWG guideline (see above), reduced dosing regimens as used in
chemotherapeutic combination therapy regimens like
mFolfirinox were included in the clinical trial evaluation (24)
as follows. A reduced standard dose of 180 mg/m2 has previ-
ously been recommended for patients with UGT1A1*1/*1,
together with further reduced relative doses of 50% and 75%
for poor and intermediate metabolizers, i.e. only 90 mg/m2

for patients with UGT1A1*28/*28 and 135 mg/m2 for
patients with UGT1A1*1/*28 (24). Single-dose administra-
tion (90 min i.v. infusion) was assumed for parallel study
designs and a dosing interval of 21 days was applied in cross-
over study designs (13).

Different aspects of the PK/PD model, i.e. magnitudes of parameters,
were investigated for their consequences on study power based
on the default scenario: First, the drug-related potency parameter
(slope = 26.8 μM−1) was varied from −50% to 400% of the
original estimate in the myelosuppression model. Furthermore,
the pharmacogenomic effect of the UGT1A1 genotype–
reflected by the magnitude of CLSN-38 reduction in poor metab-
olizers and thus a patient-related model parameter–was tweaked
and assessed for its impact on statistical power. Last, data were
simulated with varying magnitudes of the unexplained inter-

Fig. 1 Integrated PK/PD model linking irinotecan dosing to neutropenia as an important adverse drug reaction. CPT-11: irinotecan; SN-38: 7-ethyl-10-
hydroxycamptothecin; SN-38G: SN-38 glucuronide. UGT: uridine diphosphate glucuronosyl-transferase; CL: clearance; Q: intercompartmental CL; k: rate
constants; SN-38 and SN-38G were assumed to be formed from CPT-11 and SN-38 according to first-order processes. The semi-mechanistic model of
myelosuppression allowed to describes the time course of neutrophils: it consists of a proliferating compartment (Prol) representing stem and progenitor cells
sensitive to the myelosuppressive agent, a compartment of circulating neutrophils in blood (Circ; Circ0: baseline value), and a maturation chain with three transit
compartments (T1-T3), enabling the prediction of a time delay between drug administration and the observed myelosuppressive effect. γ: feedback parameter,
accounting for the impact of endogenous growth factors on the proliferation rate; kprol: proliferation rate constant determining the rate of cell division.
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individual variability (IIV) terms associated with the two above-
mentioned parameters slope and CLSN-38 in order to evaluate the
impact of variability on study power.

Data Analysis Methods

A standard statistical and a pharmacometric model-based approach
were employed and compared to investigate the impact of
design factors on the power to identify a significant change
in myelotoxicity following PGx-based dosing (Fig. 2). Using
standard statistical analysis, each of the simulated studies (n=
500) given a specific scenario was subjected to a statistical test
assessing the difference in the proportions of patients experiencing
grade 4 neutropenia (<0.5·109 cells/L according to the Common
Terminology Criteria for Adverse Events criteria (25)) after
standard versus PGx-based dosing. Thus, myelotoxicity as
the clinical endpoint was considered as the presence or ab-
sence of grade 4 neutropenia during treatment irrespective of
the time of its occurrence and the magnitude of neutrophil
reduction. Two-sided statistical tests with continuity correc-
tion (parallel design: χ2 test, crossover design: McNemar’s test)

were applied. Study power was assessed at a significance level
of 5% and corresponded to the percentage of studies for which
a statistically significant difference in grade 4 neutropenia
could be demonstrated after PGx-based versus standard dos-
ing. Standard statistical analysis constituted the method of
choice for the analysis of the alternative clinical trial scenarios.

The pharmacometric model-based approach investigated differen-
ces in myelotoxicity using SSE (stochastic simulation and esti-
mation) for parallel design (default scenario) and crossover
design (26). First, 500 datasets were simulated based on the
same model and dataset features (e.g. dosing, sampling time)
as in the standard statistical analysis. The PK/PD model was
subsequently used to estimate model parameters based on the
entire time course of neutrophil concentrations specified in the dataset,
i.e. not only the time point of occurring grade 4 neutropenia.
Two models were fitted to the simulated datasets: In Model 1
(‘full model’), a factor taking into account a potential differ-
ence in the neutrophil concentration-time profile after stan-
dard versus PGx-based dosing (representing a fraction of the
standard dose) was estimated, whereas Model 2 (‘reduced
model’) assumed no difference between the neutrophil-time

Fig. 2 Workflow of the study
design evaluation. Upper panel:
The study population of poor
metabolizers was randomized into
two treatment arms (parallel study
design) or two treatment sequences
(crossover study design). A 3-
period/2-sequence/2-treatment
crossover design was chosen to
ensure that the dose preceding the
assessment of grade 4 neutropenia
was the same for both treatment
sequences. *For clinical study design
evaluations, an alternative study
design with PGx-based dosing
instead of standard dosing as the
second study period was
additionally investigated. Red bars
mark study periods for which
myelosuppression was determined
in the standard statistical analysis.
Middle panel: 500 studies were
simulated given a specific study
design and scenario. Lower panel:
Workflow of (A) standard statistical
analysis and (B) pharmacometric
model-based analysis to determine
a potential difference in neutropenia
after standard versus PGx-based
dosing. STD: standard; PGx:
pharmacogenomics-based; G4N:
grade 4 neutropenia.
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courses after different dosing regimens. In both models, the
drug-specific parameters slope, the corresponding inter-individu-
al variability (ωslope) and the residual variability associated with
neutrophil counts were estimated; all other (e.g. PK and
system-related PD) parameters were fixed to values of the final
PK/PD model. The performance of Models 1 and 2 was
compared based on their parameter estimates and the likeli-
hood ratio test. The percentage of studies showing a statisti-
cally significant difference in the fit of the models (p= 0.05,
ΔOFV 3.84, df= 1) was determined, corresponding to the
power to show a difference in the time course of myelotoxicity
after PGx-based dose reduction. To visualize results, full pow-
er versus sample size curves were created for each SSE based
on a parametric power estimation (PPE) algorithm facilitated
with PsN, enabling the extrapolation of statistical power from
one specific sample size to sample sizes beyond the originally
simulated size (parallel design: n= 200/treatment arm; cross-
over design: n= 100/sequence) (27).

Nonlinear mixed-effects modeling and simulations were
performed using NONMEM 7.3-7.4 (28) (ICON Clinical
Research LLC, Gaithersburg, MD) and the first-order condi-
tional estimation method (with interaction), assisted by PsN
4.7.0 (26) (Uppsala University, Sweden; https://
uupharmacometrics.github.io/PsN). Statistical and graphical
analyses were conducted using R 3.0.2 (R Core Team 2019.
R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org).

RESULTS

Population Pharmacokinetic/Pharmacodynamic Model

The assembled population PK/PD model allowed to simulta-
neously predict the time courses of (i) plasma concentrations of
irinotecan and its metabolites as well as (ii) neutrophils in
patients with UGT1A1 wild-type and poor metabolizers. It
integrated a UGT1A1-dependent reduction of the elimination
of SN-38 (CLSN-38), resulting in higher SN-38 concentrations
in poor metabolizers (genotypes *28/*28 and *1/*28; see sup-
plementary Fig. S1). The PK/PD model of chemotherapy-
induced myelosuppression adequately predicted neutropenia
driven by the active metabolite SN-38, as demonstrated by a
visual predictive check (see supplementary Fig. S2), and all
parameters of the structural model were estimated with high
certainty (relative standard error ≤ 28%). Inter-individual vari-
ability was implemented on all PK parameters and on the PD
parameters baseline, mean transit time and slope. Either combined
additive/proportional or additive residual unexplained vari-
ability models were used for each observed measurement entity
(CPT-11, SN-38, SN-38G and neutrophils). The additive com-
ponent of the residual variability for neutrophils was fixed to a
value previously determined in a model based on the same

dataset assessing the effect of CTP-11 on neutrophil concen-
trations. Table I presents the parameter estimates of the com-
bined PK/PD model.

Simulations to Illustrate the Consequences of UGT1A1
Genotype on Neutropenia

Simulations enabled to show how differences in UGT1A1 ge-
notype and consequently SN-38 exposure translated into differ-
ences in irinotecan-induced myelosuppression. The model pre-
dicted less pronounced neutropenia in patients with wild-type
genotype compared to the UGT1A1*28 allele following the
approved single-agent dose of irinotecan (350 mg/m2, Fig. 3).
13.6% of patients (n = 1000) with wild-type genotype (median;
95% prediction interval CI95 = 11.4–15.7%) and 20.5% of
poor metabolizers (CI95 = 18.1–22.9%) displayed grade 4 neu-
tropenia. PGx-based dosing reduced this proportion to 10.7%
(CI95 = 8.6–12.5%), which corresponded to a relative reduc-
tion of 48% in the proportion and was comparable to patients
with wild-type genotype after standard dosing. Given this de-
crease, the dose differences appeared to be large enough and
the investigated model scenario sensitive enough regarding the
clinical endpoint ‘grade 4 neutropenia’ and appropriate to elu-
cidate diverse study design effects.

Evaluation of Study Designs by Standard Statistical
Analysis

In a study with parallel design, ~220 patients per treatment arm
would be required to show a significant difference between the
proportions of patients displaying grade 4 neutropenia after
PGx-based versus standard dosing with a power of >80% (see
Fig. 4). When choosing a 3-period/2-sequence/2-treatment
crossover design, the sample size of a study was reduced to
<100 patients per treatment sequence given the same power.
Similar results (with a deviation in power ≤ 3.66%) were
obtained when choosing a modified crossover design with
PGx-based dosing rather than standard dosing as the second
study period.

Apart from sample size, the impact of further aspects relat-
ed to study design or the PK/PD model on study power was
explored using a parallel study with n= 200 patients per treat-
ment arm.

Dosing Regimen

Simulations of an approved single-agent regimen of irinotecan
(350 mg/m2; default scenario) versus a 30% dose reduction in
poor metabolizers (245mg/m2) (corresponding to single doses
of 345–600 mg) resulted in a study power of 73%. When
choosing lower standard doses of 300 mg/m2 and 250 mg/
m2, thereby keeping the 30% dose reduction for poor metab-
olizers, study power decreased to 59% and 45%, respectively
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(see Fig. 5a). The 180/90 mg/m2 regimens as used in combi-
nation chemotherapy regimens and entailing lower irinotecan
doses and dose reductions beyond -30%, resulted in a study
power of 41% similar to the abovementioned 250/175 mg/
m2 regimens.

Drug-Related Model Parameters

Variation of the slope parameter, reflecting the potency of the
exposure-response relationship in the neutropenia model, from

13.4 μM−1 up to 134 μM−1 (−50% to +400% of the original
value) exerted a high influence on study power. The higher the
assumed potency, the higher the corresponding power of the
study was, but merely up to a peak (53.6 μM−1) from which the
power decreased again (see Fig. 5b).

Patient-Related Model Parameters

Variation of the magnitude of the UGT1A1-related pharma-
cogenomic effect, i.e. the extent of CLSN-38 reduction in poor

Table I Parameter estimates of the
combined pharmacokinetic/
pharmacodynamic model for mye-
losuppression induced by irinotecan
therapy

Parameter Estimate Parameter Estimate

Structural model Inter-individual variability

Pharmacokinetic component ωCL_CPT-11 [CV%] 32.6

CLCPT-11 [L/h] 31.6 ωQ2 [CV%] 86.1

Q2 [L/h] 114 ωQ3 [CV%] 49.5

Q3 [L/h] 9.89 ωV1 see Scalω_CLCPT11-V1
V1 [L] 68.6 ωV2 see Scalω_CLCPT11-V2
V2 [L] 67.2 ωV3 see Scalω_Q3CPT11-V3

V3 [L] 127 ωCL_SN-38_WT [CV%] 71.5

Scalω_CLCPT11-V1 0.471 ωCL_SN-38_PM [CV%] 37.3

Scalω_CLCPT11-V2 0.496 ωQ5_WT [CV%] see Scalω_ CLSN38WT_Q5

Scalω_Q3CPT11-V3 0.893 ωQ5_PM [CV%] see Scalω_CLSN38PM_Q5

CLSN-38_WT [L/h] 1040 ωV4 [CV%] 105.2

CLSN-38_PM [L/h; calc.] (668.7) ωV5 [CV%] 64.0

Q5WT [L/h] 1690 ωCL_SN-38G [CV%] 94.6

Q5PM [L/h] 1290 ρCLSN38G-V6 [%] 87.4

V4 [L] 411 ωV6 [CV%] 90.2

V5 [L] 60,000 ωQ7 [CV%] 93.0

Scalω_ CLSN38WT_Q5 0.469 ωV7 [CV%] 71.1

Scalω_CLSN38PM_Q5 1.62 ωCIRC0 [CV%] 29.2

CLSN-38G [L/h] 77 ωMTT [CV%] 21.9

V6 [L] 52.1 ωSLO [CV%] 37.4

Q7 [L/h] 18 Residual variability

V7 [L] 60.2 σNEU,add. [·10
9/L] 0.434

σNEU,prop. [CV%] 35.5

Pharmacodymamic component σCPT-11,add. [ng/mL] 1.3

Circ0 [·10
9/L] 5.58 σCPT-11,prop. [CV%] 16.7

MTT [h] 92.8 σSN-38,add. [ng/mL] 0.484

γ 0.165 σSN-38,prop. [CV%] 26.9

SLO [μM−1] 26.8 σSN-38G,add. [ng/mL] 33.3

CPT-11: irinotecan; SN-38: 7-ethyl-10-hydroxycamptothecin; SN-38G: SN-38 glucuronide; CL: clearance; Q: inter-
compartmental CL; V: volume of distribution; Scal: scaling parameter for inter-individual variability (ratio of the standard
deviations of the distributions for the two stated parameters, e.g. Scalω_CLCPT11-V1=ωV1/ωCLCPT11); WT: wild-type;
PM: poor metabolizers; Circ0: baseline value of circulating cells; MTT: mean transit time; γ: feedback parameter; SLO:
slope parameter quantifying the inhibitory drug effect on neutrophils;ω: parameter quantifying inter-individual variability
associated with a structural parameter; %CV: coefficient of variation; ρ: correlation between inter-individual random
effects; σ: parameter quantifying residual unexplained variability; NEU: neutrophils; add: additive; prop: proportional;
parameter specifications are stated as outlined in Fig. 1. The relative standard errors were≤ 28% for structural param-
eters and≤ 35% (apart from IIV_MTT: 46%; Scalω_ CLSN38WT_Q5: 84%) for random effects parameters. Distribution
and elimination parameters of all three entities CPT-11, SN-38 and SN-38G were based on a body surface area of
1.87 m2
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metabolizers, resulted in higher study power the lower CLSN-
38 and consequently the higher the SN-38 exposure was (Fig.
5c).

Unexplained PK and PD Variability

A small impact of unexplained inter-individual variability on
study power was revealed for low and moderate values of
variability (≤50 %CV). High values of inter-individual vari-
ability, e.g. 200%CV of the parameters IIV_CLSN-38_PM and
IIV_Slope, reduced study power to 45% and 34%, respectively
(Fig. 5d).

Evaluation of Study Designs by Model-Based Analysis

The model-based analysis approach suggested a statisti-
cally significant difference in the time course of neutro-
phils between the standard and PGx-based dosing regi-
mens (350 mg/m2 versus 245 mg/m2). For both study

designs, Model 1 (considering a difference in the neutro-
phil concentration-time profile after standard and PGx-
based dosing) was statistically superior to Model 2 (mean
ΔOFV: −32.5/−130 points for parallel/crossover design)
for all model fits (n = 500), indicating a study power of
100%. The factor accounting for differences in the neu-
trophil concentration-time courses between standard and
PGx-based dosing in the full model was estimated as 0.7
(median/minimum-maximum: parallel design: 0.74/0.62–
0.86; crossover design: 0.72/0.65–0.79).

Figure 6 shows the power to detect significantly different
hematological toxicity after PGx-based versus standard
dosing for varied sample sizes, i.e. also beyond the originally
simulated values. Given parallel study design, a total study
size of n = 100 was found to result in 80% power and thus
to be sufficiently large to identify statistically significantly
lower hematological toxicity in patients receiving PGx-
based dosing. Using a crossover study design, even a num-
ber of 15 patients seemed to suffice for the same purpose.

Fig. 3 Time course of neutrophil concentrations in patients with genotype *1/*1 (wild-type, left panel) or *28/*28 and *1/*28 (“poor metabolizers”, middle and
right panel). For wild-type UGT1A1, a standard dose of irinotecan (350 mg/m2) was simulated. For poor metabolizers, myelosuppression after a standard dose
(350 mg/m2, middle panel) versus an individualized PGx-based dose (245 mg/m2, right panel) is shown. The presented exemplary stochastic simulations were
based on 200 patients and considered inter-individual pharmacokinetic and pharmacodynamic variability in myelosuppression. The nadir occurs at different time
points. The dashed horizontal line indicates grade 4 neutropenia (0.5·109 cells/L).

Fig. 4 Impact of different study
designs and varied sample sizes on
study power. Left panel: parallel
design; right panel: crossover design
(see Fig. 2).
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Evidently, the results also emphasized that the difference in
the selected doses of irinotecan (350 versus 245 mg/m2)
were large enough to detect significantly reduced hemato-
logical toxicity with reasonable power.

DISCUSSION

Our investigation used irinotecan as an example drug to illus-
trate the usage of population PK/PD models to inform the

Fig. 5 Power of different study designs given a) varied doses of irinotecan (standard dose/PGx-adjusted dose for poor metabolizers), b) perturbed values of the
parameter slope, c) varied magnitudes of the parameter CLSN-38_PM (PGx effect, expressed as fraction of CLSN-38_WT=1040 L/h) and d) different unexplained
inter-individual variability associated with slope and CLSN-38_PM. Scenarios depicted in the plots were based on a parallel design with sample size n=200/study
arm. In Fig. 5a, filled circles represent irinotecan regimens with 30% difference between standard and PGx-based doses and empty circles depict lower irinotecan
doses as used in combination chemotherapy regimens as well as dose reductions of −50% and− 25% as recommended for poor metabolizers. CLSN-38_WT:
clearance of SN-38 in patients with wild-type UGT1A1*1/*1 genotype; CLSN-38_PM: clearance of SN-38 in poor metabolizers with respect to UGT1A1 (patients
with *28/*28 or *1/*28 genotype); IIV: inter-individual variability; %CV: coefficient of variation.

Fig. 6 Full power versus sample
size curves using parametric power
estimation (PPE) based on SSE
(stochastic simulation and estima-
tion) for different study scenarios.
Left panel: Parallel study design (see
default study scenario); right panel:
crossover study design (see
alternative study scenario). The
green shaded area indicates the
uncertainty in the power estimate
due to Monte-Carlo noise (n=
500). Power curves are shown for
sample sizes corresponding to 50–
99% power.
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design of clinical pharmacogenetic trials. Previously devel-
oped PK and PDmodels were combined to predict the impact
of UGT1A1 genotypes on irinotecan-induced myelosuppres-
sion. The parameters of the updated PK model appeared plau-
sible, with CLSN-38 estimated as 1040 L/h in patients with *1/
*1 genotype and as 669 L/h (−35.7%) in poor metabolizers
(assumed as 62% of the population). The values thus encircled
the estimate of CLSN-38 in the original model not considering
pharmacogenetic information (712 L/h). The same trend was
observed for QSN-38, which was correlated with CLSN-38

(1290 L/h and 1690 L/h versus 1530 L/h) (20).
In the updated myelosuppression model, the system-related

parameters were of the same magnitude as had been reported
for other chemotherapeutic drugs and types of blood cells
(mean transit time: 92.8 h versus 88.7–135 h; feedback pa-
rameter: 0.165 versus 0.132–0.230) (22, 29). The estimated
neutrophil baseline (5.58·109 cells/L)—as the third system-
related parameter—plausibly reflected the median observed
baseline neutrophil count (5.2·109 cells/L). The drug-specific
slope parameter quantifying the inhibitory effect of SN-38 on
the proliferation of progenitor blood cells (26.8 μM−1) was
higher than when based on CPT-11 (1.29 μM−1), which is
in agreement with in vitro studies showing a considerably
higher cytotoxic effect of SN-38 (30). Neutropenia was
assessed for the first cycle of therapy supported by a previous
investigation indicating neutropenic effects in *28/*28
patients already in the first cycle of treatment (35).

Corresponding to previous studies, simulations with the PK/
PD model indicated a dose-dependent risk of severe neutro-
penia following irinotecan therapy, which was considerably
increased in patients with reduced UGT1A1 activity (grade
4 neutropenia in wild-type/poor metabolizers: 14%/21%)
(18, 24, 31). The values are comparable with previous evi-
dence, although results of former studies were variable. For
example, Innocenti et al. found 50% grade 4 neutropenia in
patients homozygous for the UGT1A1*28 allele, 12% in
patients heterozygous for the *28 allele and 0% in patients
with UGT*1/*1 (19). In line with the current analysis, other
studies did find severe hematological toxicity also in wild-type
patients (31). Chiara et al. assessed reduced doses of mono-
agent therapy (180mg/m2) and revealed a higher incidence of
hematological toxicity (≥24%) than our analysis (10.7% fol-
lowing 245 mg/m2), though jointly included grade 3 and 4
neutropenia (18).

Pharmacometrics-based clinical trial simulations have
proven useful to a priori evaluate the design of future studies
and their feasibility in different therapeutic fields and drug
development phases, particularly in case of challenging pa-
tient populations (e.g. pediatric patients) and practical con-
straints, e.g. with respect to enrolment numbers (e.g. phase I
studies) (9–11, 32). Dickinson et al. demonstrated the utility of
virtual pharmacogenetic trials using the example of warfarin
and CYP2C9 polymorphisms, though without power analyses

(33). Our evaluation revealed the consequence of different
study design features, drug- and patient-related characteris-
tics, model parameters as well as data analysis methods on
study power, i.e. the detectability of a significant difference
in the occurrence of grade 4 neutropenia after PGx-based
dosing of irinotecan. Both study design (parallel/crossover) and
the magnitude of the PGx effect (i.e. CLSN-38 reduction in poor
metabolizers) exerted a high impact on study power. The
investigated crossover design appeared as the most optimistic
scenario. A lower required sample size was expected, as com-
parisons between different treatments are performed within
the same patients and within-subject variability is typically
lower than between-subject variability.

A higher potency of the drug-effect relationship (represented
by the slope parameter) influenced the study power positively
up to a limit, from which power decreased. The finding is
plausible given that at high potency, proportions of grade 4
neutropenia are high both after standard and PGx-based dos-
ing and only marginally different. In contrast, a difference in
grade 4 neutropenia after standard versus PGx-based dosing
is distinguishable when the potency of the drug is low. As for
irinotecan dosing, the power to detect a difference in severe
neutropenia was similar for treatment arms with 250 mg/m2

versus 175 mg/m2 and 180 mg/m2 versus 90 mg/m2. In the
latter case, the lower absolute dose levels were compensated
by a higher deviation between standard and PGx-based dos-
ing. Inter-individual variability on the parameters slope and
CLSN-38 propagates to variability in neutropenia and
decreased study power merely for high magnitudes >50
CV%, which are still realistic as had been shown for other
myelosuppressive agents (22).

The current study showed an advantage of model-based
analysis of clinical trial data towards higher statistical power
and considerably smaller sample sizes compared to traditional
group-wise statistical analysis. In line with our finding, higher
efficiency of model-based analysis (resulting in ≤8.5 times low-
er sample sizes) has been demonstrated in diverse studies of
other therapeutic fields, e.g. in the area of stroke, diabetes,
hyperhidrosis and tuberculosis (8, 34–36). The higher infor-
mation content of model-based analyses emerges from the
consideration of all available longitudinal information (e.g.
the full time course of observations) rather than just a snapshot
(e.g. last study observation) or summary measure (e.g. AUC)
(37). The current study provides a novel example of model-
based analysis, focusing on the implications of PGx for dosage
adjustments. Further applications of the approach are con-
ceivable for other settings, e.g. to investigate covariates or
biomarkers that may drive the PK, effect and dosing.

The SSE revealed a typical estimate of the factor account-
ing for differences in myelosuppression after standard versus
PGx-based dosing lower than 1 (0.74/0.72 for the parallel/
crossover design), implying that administered doses lower than
the standard (252/259 mg/m2) provoked the neutropenia.
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The estimated parameters were in good agreement with the
originally simulated PGx-adjusted dose (245 mg/m2, repre-
senting a fraction of 0.7 of the standard dose), and in a wider
sense indicated that hematological toxicity was significantly
lower in patients receiving adjusted PGx-based dosing than
in patients receiving a standard dose of irinotecan.

The main objective and strength of the conducted analysis
was to illustrate the concept and opportunities of model-based
trial design rather than to plan a concrete study. If the clinical
feasibility of the investigated study designs was to be judged,
the frequency of relevant PGx variants would require consid-
eration. The presence of UGT1A1*28/*28 has been reported
as ~12% in Caucasians, inferring that ~8 times higher patient
numbers than identified in the above-described analyses
would be necessary for the screening phase of the study or
more when addressing drop-outs (21). For a parallel study
with 80% power analyzed using standard statistical analysis,
~3700 patients (220 per treatment group·2/0.12) would have
to be screened to enable to detect a significant difference in
severe neutropenia between the two treatment groups. The
necessitated sample size of this worst-case scenario seems
large–possibly clinically unfeasibly large. On the other hand,
a study with crossover design analyzed using the presented
model-based approach would require merely 125 patients
(15/0.12), suggesting a clinically possible alternative. While
crossover studies require smaller sample sizes to obtain the
same statistical power as parallel designs, however, a carry-
over effect between the treatment periods might pose a hurdle
and a likely increased risk of attrition owing to longer study
durations might require consideration. Yet, our exemplary
analysis illustrates how pharmacometric PK/PD models, i.e.
the simulation and evaluation of reasonable study conditions
(e.g. different study design-, drug- and patient-specific fea-
tures) as well as data analysis methods and their consequences
on study power, can help to avoid unfeasible, inconclusive
trials and aid and rationalize the design of pharmacogenomics
studies.

Some limitations should be acknowledged with regard
to the present investigation. First, the results of clinical
trial simulations are naturally depending on the assump-
tions of the underlying model. The original model quan-
tifying the impact of UGT1A1 polymorphisms on the
pharmacokinetics of irinotecan identified a 35.7% reduc-
tion of CLSN-38 jointly for patients homozygous and het-
erozygous for the *28 allele (i.e. genotypes *28/*28 and
*1/*28) (17). Valenzuela et al. had additionally estimated
a CLSN-38 reduction solely for patients carrying the *28/
*28 genotype (ΔCLSN-38 40.0%), though based on a data
basis of only four patients, which was not deemed solid.
Thus, the presented results might slightly underestimate
SN-38 exposure and consequently the associated neutro-
penic effect in poor metabolizers with homozygous status
of UGT1A1*28. Besides, further genetic variants of

UGT1A1 (e.g. UGT1A1*93) and other enzymes and
transporters (e.g. ABCC1, ABCB1) have been associated
with irinotecan metabolism and might be additionally
worth investigating (38, 39). Next, the employed PK/PD
model did not consider inter-occasion variability (IOV),
accounting for random deviations in the parameter esti-
mates of an individual between different occasions. High
IOV has been shown to limit the predictability from one
treatment sequence to the next in a crossover design (40).
However, a previous study has alleviated these concerns
using the same model of chemotherapy-induced neutro-
penia as in the present analysis. Hansson et al. showed a
clearly lower impact of IOV (implemented on the param-
eters baseline, mean transit time, and slope) than IIV in mye-
losuppression parameters on the variability in neutrophil
counts (nadir) across six anti-cancer drug treatments.
Furthermore, no systematic shifts in the system- or drug
sensitivity-related parameters were observed over time,
suggesting that the model can be used for predictions of
future neutrophil-time courses, e.g. in a crossover study
(41).

It is important to bear in mind that the myelosuppression
model used for simulations was originally developed for single-
agent irinotecan therapy; thus, the reported frequencies of
grade 4 neutropenia may illustrate a ‘best-case scenario’ and
not entirely mimic those after combination chemotherapy.
Last, the parameter estimates of the model and study results
are based on Caucasians and might not be directly transfer-
able to other populations, not least as the prevalence of the
*28 allele differs between ethnicities (21).

CONCLUSION

In summary, we present a showcase project using irinotecan to
illustrate how pharmacometric PK/PD models may serve as
valuable tools to aid the design of clinical pharmacogenomics
studies. A population PK/PD model accommodating PGx
information was created to predict the occurrence of myelo-
suppression in cancer patients carrying different genotypes of
UGT1A1 following different dosing strategies of irinotecan.
The simulation and evaluation of reasonable study conditions
and consequences of different study design, drug and patient
features on study power together with the application of
model-based analysis can help to avoid unfeasible, inconclu-
sive studies and ultimately rationalize the design of pharma-
cogenetic studies.
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