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Preface 

Population pharmacokinetics (PK) and pharmacodynamics (PD) can support the clinical 
development of novel anticancer agents. This is exemplified in this thesis by the application 
of population PK-PD modeling and simulation to the experimental anticancer drug 
indisulam. The population approach was used to identify saturable pharmacokinetic 
processes and to quantify a relationship between drug exposure and a pharmacodynamic 
effect (Chapter 2 and Chapter 3). In addition, population modeling could be used to develop 
dosing strategies for individual patients (Chapter 4), to support the selection of 
administration regimens (Chapter 5 and Chapter 6) and to develop an efficient phase I 
clinical trial design (Chapter 7). 
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Abstract 

In this introduction to the thesis ‘Population pharmacokinetic and pharmacodynamic 
modeling and simulation of indisulam’, an overview of the current status of the clinical 
development of indisulam is provided. Indisulam is a cell-cycle inhibitor that causes an 
arrest at the G1/S transition. This compound showed promising antitumor activity in 
xenograft models, as a single agent and in combination with established chemotherapy 
treatments. Various administration schedules have been evaluated in phase I dose escalation 
studies. In subsequent phase II development, single agent therapy with indisulam showed 
minor to moderate antitumor activity. Indisulam is currently being evaluated in 
combination chemotherapy regimens.  
Indisulam shows a complex pharmacokinetic behavior consisting of saturable elimination 
and binding to cellular components and plasma proteins. The resulting highly non-linear 
pharmacokinetic profile may be an important explanation of the poorly predictable and 
dose-limiting hematological toxicity. Safe administration of this drug at a maximum 
tolerable dose is, therefore, difficult to achieve. Population pharmacokinetic and 
pharmacodynamic modeling and simulation may assist in the design of safe dosing 
regimens.  
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Indisulam: an investigational cell-cycle inhibitor 

Indisulam is an experimental sulphonamide anticancer agent that inhibits the cell-cycle 
progression.[1] The compound has been shown to reduce the expression of cyclin E and 
phosphorylation of cyclin-dependent kinase 2 (CDK2), both of which are essential for the 
G1/S transition of the cell cycle.[2] Hypophosphorylation of the retinoblastoma protein and 
down-regulation of the expression of cyclins A and B1 have also been associated with 
indisulam.[3] At higher concentrations, indisulam resulted in up-regulation of p53 and p21, 
which may contribute to the reduced phosphorylation of the retinoblastoma protein as well 
as subsequent apoptosis.[3] The tumor-associated carbonic anhydrase isozyme IX and 
cytosolic malate dehydrogenase (cMDH) have been identified as additional cellular protein 
targets.[4,5] The relative contribution of each of these mechanisms of action to the overall 
antitumor effect of indisulam, remains to be elucidated. 
 

Preclinical development of indisulam 

The in vivo antitumor activity of indisulam has been studied in various human cancer 
xenografts.[6] Tumor growth suppression and tumor regression was demonstrated in 
various colorectal and lung cancer xenografts. In HCT116 colorectal cancer xenografts, 
indisulam was more active than 5-fluorouracil, mitomycin C and irinotecan. Complete 
regression of advanced LX-1 lung carcinoma xenografts was observed in 80% of indisulam-
treated mice.[6] Evaluation of different dosing regimens in HCT116 and LX-1 xenografts 
have demonstrated that prolonged exposure to indisulam may enhance antitumor 
activity.[6] 
Antitumor activity of indisulam has also been studied in in vivo models in combination with 
other anticancer agents. In a Lu99 xenograft model of non small cell lung cancer, indisulam 
and cisplatin showed synergistic effects when indisulam was administered one day prior to 
cisplatin. This may be explained by down-regulation of glutathione synthetase by 
indisulam, which may inhibit intracellular detoxicification of platinum-based compounds. 
When indisulam was administered prior to 5-fluorouracil, the combination showed 
synergistic antitumor activity in a Colo320D. M. xenograft model for colorectal cancer, 
which may be related to down-regulation of thymidylate synthetase, the target of 5-
fluorouracil, by indisulam. These data have suggested that administration of indisulam 
should precede treatment with platinum-based agents or 5-fluorouracil in combination 
regimens.[7] 
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Clinical development of indisulam 

Phase I development 
Promising results of preclinical studies warranted clinical evaluation of indisulam. Five 
phase I dose escalation studies have been conducted to assess the safety and tolerability of 
indisulam (Table 1).[8-12]  One of these studies has been performed in Japanese patients.[12]  
 
Table 1. Overview of phase I studies with indisulam monotherapy. 

Treat-
ment 
schedule 

Treat-
ment 
cycle 

Dose range  Recommen-
ded dose  

Race of 
popula-
tion 

Num-
ber of 
patients  

Dose-limiting 
toxicity 

Ref 

Single  
1-hour 
infusion 

3-weekly 50-1000  
mg/m2 

700  
mg/m2 

Caucasian 40 febrile neutropenia, 
neutropenia, 
thrombocytopenia, 
mucositis 
 

[8] 

1-hour 
infusion 
days 1-5 

3-weekly 10-200 
mg/m2/day 

130 
mg/m2/day 

Caucasian 33 febrile neutropenia, 
thrombocytopenia, 
diarrhea, asthenia,  
skin folliculitis, 
stomatitis 
 

[9] 

1-hour 
infusion 
days 
1,8,15,22 

6-weekly 40-500 
mg/m2/week 

400 
mg/m2/week 

Caucasian 46 neutropenia 
thrombocytopenia 
stomatitis, 
hyperglycemia, 
sepsis, fever, 
hemorrhage, 
diarrhea, nausea, 
fatigue 
 

[10] 

120-hour 
infusion 

3-weekly 6-200 
mg/m2/day 

96  
mg/m2/day 

Caucasian 27 neutropenia, 
thrombocytopenia, 
leucopenia, 
stomatitis, 
increased bilirubin, 
hypophosphatemia, 
nausea, 
hypokalemia 
 

[11] 

Single  
1-hour 
infusion 

3-weekly 400-900 
mg/m2 

800  
mg/m2 

Japanese 21 neutropenia, 
thrombocytopenia, 
leucopenia, 
elevation of 
aspartate 
aminotransferase, 
colitis, ileus 

[12] 

 
In Caucasian patients, four different administration schedules have been evaluated in four 
phase I studies: a single 1-hour infusion in 3-weekly cycles (Dx1); daily 1-hour infusions on 
days 1-5 in 3-weekly cycles (Dx5); weekly 1-hour infusions on days 1, 8, 15 and 22 in 6-
weekly cycles (Wx4); a 120-hour infusion, every 3 weeks (120H) in 3-weekly cycles (Table 
1).[8-11] Indisulam was generally well tolerated in all schedules. Myelosuppression has been 
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identified as the major dose-limiting toxicity (Table 1). The Dx1 and Dx5 schedules have 
been selected for further evaluation in phase II clinical studies.  
 
Phase II development in monotherapy 
Indisulam has been evaluated for efficacy in phase II trials against various types of solid 
tumors. Generally, indisulam was well tolerated in phase II studies. However, single agent 
therapy with indisulam had only minor to moderate antitumor activity.  
In two phase II studies, patients with non-small cell lung cancer (NSCLC) or colorectal 
cancer were randomized to receive the Dx1 regimen (700 mg/m2) or the Dx5 regimen (130 
mg/m2 x5).[13,14] Only minor responses were observed for both schedules. It was concluded 
that treatment efficacy could not be improved by longer duration of drug exposure and the 
Dx1 regimen was therefore selected for further phase II evaluation. 
Only minor responses were seen on radiological review in patients with metastatic 
melanoma.[15] Although 13 out of 30 patients with renal cell carcinoma had stable disease 
after treatment with indisulam, in only 1 patient a partial response was observed.[16] A 
relatively high response rate was observed in patients with breast cancer who had received 
prior chemotherapy with anthracyclines and taxanes, with 3 partial responses out of 20 
evaluable patients.[17] A study in patients with head and neck squamous cell cancer was 
terminated early because none of the first 15 patients had progression-free survival of at 
least 4 months.[18]  
 
Combination chemotherapy 
Further clinical development of indisulam has focused on combination chemotherapy. The 
synergistic efficacy of indisulam and 5-fluorouracil warranted clinical evaluation of 
indisulam in combination with capecitabine, which is a pro-drug of 5-fluorouracil. A phase I 
dose escalation study has been conducted to assess the safety of this doublet chemotherapy 
(Chapter 5.1). A drug-drug interaction between indisulam and capecitabine was identified, 
which caused excessive hematological toxicity after multiple treatment cycles (Chapter 5.2). 
In this phase I study, in 2 out of 35 patients with solid tumors a partial response could be 
confirmed. 
To follow up on the favorable efficacy profile of indisulam in combination with platinum-
based agents in non-clinical studies, indisulam was combined with carboplatin in a phase I 
dose finding trial. In a 3-weekly schedule of the combination, a treatment delay was 
frequently required to allow recovery from myelosuppression from previous treatment 
cycles. A 4-weekly treatment schedule may therefore be indicated for further clinical 
evaluation with indisulam and carboplatin (Chapter 6.1). In this dose escalation study, 8 out 
of 10 evaluable patients had stable disease.[19] 
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Currently, indisulam is being investigated in combination with capecitabine for treatment of 
metastatic breast cancer and in combination with irinotecan for treatment of colorectal 
cancer.  
 

Clinical pharmacology of indisulam 

Metabolism 
To gain insight into the disposition of indisulam, an excretion balance study has been 
conducted where 14C radio-labeled indisulam was administered to patients. Radioactivity 
levels and indisulam concentrations were monitored in plasma, urine and feces. Excretion of 
unchanged indisulam comprised only 2.5% of the total administered dose (1.4% in urine and 
1.1% in feces).[20] Indisulam was extensively metabolized by multiple metabolic pathways, 
comprising hydroxylation, hydrolysis, acetylation, oxidative dechlorination, sulphation and 
glucuronidation.[21] Hydroxylation of indisulam was catalyzed by cytochrome P450 (CYP) 
enzymes. From the results of an in vitro study in human liver microsomes, it was concluded 
that the CYP2C9 and CYP2C19 enzymes were the major metabolizing enzymes of 
indisulam. (study report, Eisai Co., Ltd., 2002).  
 
Pharmacokinetics 
In the phase I clinical studies, full pharmacokinetic sampling has been performed in all 
patients to assess the pharmacokinetic profile of indisulam in plasma. Drug exposure, 
expressed as the area under the plasma concentration-versus-time curve (AUC) has been 
shown to increase more than proportionally with the administered dose. The 
pharmacokinetic profile of indisulam was profoundly non-linear. The elimination half-life 
could not be defined, because the elimination rate was highly concentration-dependent. 
Based on the remarkable non-linearity, it has been suggested that binding, distribution 
and/or elimination processes were saturable at concentrations in the therapeutic range.[22] 
Body surface area (BSA) has been shown to be a determinant for the volume of distribution 
and the maximal elimination rate of indisulam, which supported BSA-guided dosing of 
indisulam.[22] Despite indisulam dosing based on BSA, wide variability in indisulam 
exposure between patients has been observed.  
Two pharmacokinetic drug-drug interactions with indisulam have been identified. The 
metabolism of acenocoumarol was inhibited by indisulam, which was most likely mediated 
by competitive inhibition of the CYP2C9 enzyme, the major metabolizing enzyme of 
acenocoumarol.[23] Concomitant treatment with capecitabine resulted in a time-dependent 
inhibition of the elimination of indisulam, which may be explained by inhibition of the 
synthesis of the CYP2C9 enzyme (Chapter 5.2). 
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Pharmacodynamics 
Neutropenia and thrombocytopenia have been identified as the major toxicities of 
indisulam. In a subgroup of patients, treatment with indisulam caused serious 
myelosuppression, while the treatment was well tolerated by other patients receiving the 
same dose. This wide variability between patients could not be explained by patient related 
factors. Consequently, the severity of indisulam-induced bone-marrow toxicity was poorly 
predictable.  
 

Application of population PK-PD modeling 

Indisulam has a highly non-linear concentration-time profile, indicating complex underlying 
pharmacokinetic processes. Population pharmacokinetic modeling can be a useful approach 
for identification of non-linear processes.[24] In order to gain a better insight into the 
disposition of indisulam, the population approach was used to develop a semi-physiological 
pharmacokinetic model. An initial model for the in vitro and in vivo blood distribution of 
indisulam was subsequently extended to a semi-physiological population pharmacokinetic 
model of indisulam (Chapter 2).  
Despite BSA-based dosing, large differences were observed between patients regarding 
indisulam exposure and treatment tolerability. The severity of myelosuppression was 
poorly predictable, which complicated chemotherapy with indisulam. It was investigated if 
the observed variability in indisulam-induced myelosuppression could be (partly) explained 
by pharmacokinetic variability of indisulam. A quantitative description of the relationship 
between the pharmacokinetics and the hematological toxicity of indisulam was established 
in a semi-physiological population pharmacokinetic and pharmacodynamic model (Chapter 
3).  
The developed PK-PD models were applied to develop strategies for dose individualization 
and to support the selection of optimal treatment regimens.  
Firstly, these models were used for identification and quantification of relationships 
between PK-PD parameters and patient related factors to explain variability in drug 
exposure and tolerability of indisulam therapy. These relationships were used to develop 
algorithms for a safe dose of indisulam for individual patients (Chapter 4). The contribution 
of these dosing algorithms to the optimization of treatment with indisulam remains to be 
prospectively evaluated. 
Secondly, modeling and simulation was applied for the design of safe combination 
chemotherapy regimens, as indisulam is currently being evaluated in combination 
chemotherapy. New combinations with approved drugs were initially evaluated in a single 
phase I dose escalation study in a limited number of patients to assess the safety and to 
select a recommended dose of the combination. Phase I studies of combination therapies are 
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generally not designed to extensively evaluate various administration schedules and dosing 
strategies and may therefore not always result in the selection of an optimal treatment 
regimen. Population pharmacokinetic and pharmacodynamic modeling was used to 
support treatment optimization of indisulam in combination with capecitabine (Chapter 5) 
and carboplatin (Chapter 6). The proposed dosing regimens of these combinations may be 
used for prospective evaluation in clinical studies. 
The phase I program of indisulam was conducted according to a conventional design, where 
various dosing schedules have been evaluated in parallel clinical trials. Possibly, the 
efficiency of the assessment of a safe dose for various schedules could be improved by the 
population approach. Population modeling and simulation was used to propose an 
optimized phase I clinical trail design, which was retrospectively evaluated for the phase I 
program of indisulam (Chapter 7). 
 

Conclusion 

Indisulam showed moderate activity in single agent phase II studies. Chemotherapy 
regimens of indisulam in combination with capecitabine and irinotecan are currently being 
evaluated. Population pharmacokinetic and pharmacodynamic modeling and simulation 
may support further clinical development of indisulam by providing a scientific framework 
to select optimal administration schedules and individual dosing strategies. The population 
PK-PD methods described in this thesis may have more general applications in the clinical 
development of novel anticancer agents. 
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Abstract 

Population pharmacokinetic and pharmacodynamic analysis is an important tool to support 
optimal treatment in clinical oncology. This review discusses the potential of the population 
approach to select administration schedules, to develop strategies for dose individualization 
and to assist in therapeutic drug monitoring of anticancer agents. An overview of published 
population studies of investigational anticancer agents and established treatment regimens 
is presented.  
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1. Introduction 

Pharmacokinetic (PK) and pharmacodynamic (PD) modeling is a useful tool to evaluate and 
to optimize drug therapy. The application of the population approach is important in the 
field of clinical oncology, because anticancer drugs generally have narrow therapeutic 
ranges and because drug exposure is generally related to clinical outcome. For optimal 
treatment of cancer patients, it is of importance that administered dosages yield optimal 
effects without causing life-threatening side effects. Hence, safety and efficacy should be 
optimized for individual patients.  
Population models assist in the selection of the optimal dose for individual patients or for 
patient subgroups by identifying patient characteristics that require a priori dose 
adjustment. Moreover, population pharmacokinetic analysis facilitates the application of 
therapeutic drug monitoring using the sophisticated Bayesian approach for a posteriori dose 
individualization. 
PK-PD modeling may not only be used for dose individualization but also for the selection 
of administration regimens. Population pharmacokinetic and pharmacodynamic models 
provide insight into drug disposition and drug effects and can be used to predict drug 
exposure after treatment with various administration schedules. Trial simulation studies can 
be performed to support the selection of safe and effective drug administration regimens. 
Population modeling and simulation can be used to learn from retrospective data how to 
make optimal use of a drug to treat cancer patients. Retrospective data analysis can result in 
a hypothesis that treatment may be optimized by an intervention or dose adjustment. 
Simulation studies are suitable to evaluate the impact of various scenarios on a relevant 
outcome parameter. Modeling and simulation can teach us how we should adjust the 
treatment of patients for optimal outcome. What has been learned can subsequently be 
confirmed in prospective clinical studies to evaluate the impact of an optimized or 
individualized treatment regimen on clinical outcome. As advocated by Sheiner, this 
principle of ‘learning’ and ‘confirming’ enhances the efficiency of drug development.[1] 
Population PK-PD analysis can thus be used to optimally learn from available data and is 
therefore suitable to assist in treatment optimization in clinical oncology. 
Over the past two decades, the population approach has gained importance. It has become 
the new standard in drug development and it has increasingly been applied for evaluation 
of new treatment regimens and for dose individualization.[2]  
The objective of this review is to outline optimal use of population modeling in clinical 
oncology. Key examples will be used to exemplify the usefulness of the population 
approach in clinical oncology. In addition, the constraints and complexities of the method 
will be discussed. An overview of published population pharmacokinetic and/or 
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pharmacodynamic studies of anticancer drugs is presented with an assessment of the 
current standards and application. 
  

2. Principles of population PK-PD modeling and simulation 

The population approach is the analysis of pharmacokinetic and/or pharmacodynamic data 
from groups of individuals. Not only the typical (mean) PK or PD parameters are to be 
estimated, but also the variability is of importance.  
Various techniques are available to perform population PK-PD data analyses. In the 
standard two-stage methods, the PK-PD parameters of the individual patients are estimated 
in the first stage using, for instance, maximum likelihood estimation (MLE) or extended 
least squares (ELS). In the second stage, the mean parameter estimates and the (co)variances 
are determined using standard summary statistics. Using a two-stage approach, the 
variability between patients is generally overestimated, especially when data are sparse.[3] 
Another disadvantage of two-stage methods, is that all patients equally contribute to the 
population parameter estimates. Two-stage methods are therefore less suitable for studies 
with an unbalanced design, in which the participating subjects do not all supply the same 
amount of information.[2]  
The more sophisticated one-stage methods can be used to simultaneously analyze data from 
the entire study population without naïve data pooling. In the parametric methods, the 
shape of parameter distributions is assumed a priori. The one-stage parametric approach is 
suitable to assess the impact of patient related factors such as weight, age or gender 
(covariates) on the PK-PD parameters. Non-parametric methods are not constrained to 
distributions of PK-PD parameters, but have been used less frequently, mainly because 
these methods are less suitable to evaluate covariate relationships.[4]  
In clinical oncology, non-linear mixed effects modeling, which is a parametric one-stage 
method, has been used most frequently to perform population analyses. The mixed effects 
that are simultaneously estimated comprise fixed effects (typical parameter estimates and 
covariate effects) and random effects (variability between individuals and residual error).[2]  
The population approach is powerful to summarize large amounts of data. Variability 
between patients can be described and sources of this variability can be identified. 
Unexplained inter- and intraindividual variability can be modeled, even when the design of 
data collection varies considerably between individuals.[2]  
Population models may provide a better understanding of the physiology, because complex 
pharmacokinetic processes can be identified that would not always be distinct in individual 
patients.[5] These complex processes can be described by mechanistic population models 
that can be used to make predictions, since these models allow extrapolation beyond 
conditions that have been investigated during clinical development.  
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The technique is applicable to both rich and sparse data, but sparse data impose limitations 
on model complexity. Data collection in clinical studies should therefore be designed to 
make optimal use of a limited amount of data. Preliminary information can be used to select 
informative and efficient study designs. Clinical trial simulation has become a useful tool to 
select the number of subjects, number of samples per subject and timing of samples.[6]  
  

3. Population pharmacokinetic and pharmacodynamic modeling 

3.1. Unraveling pharmacokinetic profiles 
For drugs with narrow therapeutic ranges, which are common in oncology, it is important to 
accurately assess the pharmacokinetic behaviour of a drug. Especially when the relationship 
between dose and drug exposure is non-linear, unraveling the pharmacokinetics of a drug 
may yield important information. A pharmacokinetic model can subsequently be used to 
predict the impact of dose modifications or mode of administration on drug exposure. 
The population approach allows identification and quantification of complex 
pharmacokinetic processes. For instance, population analysis was used to characterize the 
complex pharmacokinetics of paclitaxel. Data from an early phase I study of paclitaxel 
indicated the area under the concentration-versus-time profile (AUC) increased more than 
proportionally with dose.[7]  This non-linearity was initially not quantified, but when more 
data had become available, Karlsson et al. used nonlinear mixed effects modeling to further 
study the saturable behavior of paclitaxel into more detail and demonstrated that both a 
saturable transport model and a more plausible saturable binding model could be 
adequately fit to the clinical data.[8] The model was further extended to a mechanism-based 
model, which included linear and saturable binding to plasma proteins as well as linear and 
saturable binding to red blood cells.[9]  
In this mechanistic model of paclitaxel, bound and unbound concentrations were analyzed 
simultaneously. This integrated analysis of bound and free concentrations promoted the 
insight into the non-linear pharmacokinetic properties of paclitaxel. The population model 
allowed prediction of unbound plasma concentrations, based on measurements of total 
plasma concentrations of paclitaxel, which could be related to its myelosuppressive effect in 
a subsequent PK-PD analysis.[10]  
Population modeling has also been applied to simultaneously analyze pharmacokinetic data 
of parent compounds and their metabolites. Especially for prodrugs, application of the 
population approach may be useful to characterize the pharmacokinetic profile of the active 
metabolite. For instance, the complex metabolic pathway of capecitabine resulting in 
formation of 5-fluorouracil (which is ultimately converted to the active metabolite 5-fluoro-
2’-deoxyuridine-5’-monophosphate) could be described by simultaneous analysis of 4 
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successive compounds: capecibatine, 5’-deoxy-5-fluorocytidine, 5’-deoxy-5-fluorouridine 
and 5-fluorouracil.[11]  
A mechanistic enzyme turnover model has been used to describe an auto-induction process, 
which is involved in the activation of the prodrug ifosfamide to 4-hydroxyifosfamide. The 
elimination rate of the metabolizing enzyme was inhibited by ifosfamide according to an 
Emax effect function.[12] The predictive performance of mechanistic population models, such 
as the enzyme turnover model of ifosfamide, is not restricted to conditions that have been 
encountered in clinical studies. The auto-induction model of ifosfamide was developed 
using data from a 72-hour infusion schedule, but could also be successfully extrapolated to 
data from short (1-4 h) and long (96-240 h) infusion schedules.[13] The extrapolating 
capability of mechanistic population models may be used to predict drug exposure for new 
dosing regimens. 
 
3.2. Pharmacokinetic-pharmacodynamic relationships 
The population approach has also been used to relate the pharmacokinetics of a drug to the 
pharmacodynamics (toxicity, efficacy). Elucidation of the PK-PD characteristics of a new 
drug supports the development of safe and effective drug administration regimens (Chapter 
4). Validated PK-PD relationships provide a basis for covariate-based dose individualization 
(Chapter 5) and pharmacokinetically guided dose administration (Chapter 6) to optimize 
the vital balance between therapeutic and toxicological drug effects. 
In clinical oncology, application of PK-PD modeling may, however, be limited since toxicity 
scores and response rates of anticancer agents are generally categorical, sparse, subject to 
interobserver variability and often dependent on cumulative treatment. The nature of these 
pharmacodynamic data complicates the identification and quantitation of PK-PD 
relationships. 
Conversely, PK-PD modeling has been used extensively to investigate chemotherapy-
induced myelosuppression. Hematological data are continuous data that are measured on a 
continuous time scale. Myelosuppression is generally consistent across treatment cycles. 
These characteristics of hematological data have promoted the use of population PK-PD 
modeling in this field. Over the past decade, a clear progression has been made in the 
population analysis of chemotherapy-induced hematological toxicity.  
 
3.2.1. Population PK-PD models of hematological toxicity  
Hematological toxicity has often been described in terms of a summary variable, derived 
from a blood cell count versus time curve. A frequently used summary variable is the nadir 
blood cell count that can be categorized according to the Common Toxicity Criteria (CTC). 
Alternatively, the absolute or relative decrease of the blood cell count (from baseline to 
nadir) can be used to establish PK-PD relationships. Measures of drug exposure have been 
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related to these summary variables by empirical (log-) linear, Emax or logistic regression 
models.[14] For instance, Stewart et al. used a sigmoid Emax model to describe the 
relationship between the % decrease in neutrophil count and the AUC of topotecan.[15] The 
relationship between topotecan AUC and neutropenia was confirmed by a logistic 
regression analysis, which demonstrated that the AUC was related to the probability to 
experience grade 0-4 neutropenia, classified according to the Common Toxicity Criteria.[16] 
In this type of empirical analyses, the nadir blood cell count is defined as the lowest 
observed value, but since the blood cell count is measured only once or twice per week, this 
method results in overestimation of the real nadir blood cell count. Empirical models that 
use the lowest observed blood cell count as the key parameter to describe hematological 
toxicity are therefore highly dependent on the sampling frequency and may be less 
predictive. In addition, by using only the nadir blood cell count for a PK-PD analysis, 
information regarding the duration of hematological toxicity is lost. Furthermore, 
information from other cell counts is discarded. 
To overcome these disadvantages, modeling of the full time profile of the blood cell count 
can be used. A cubic spline model has been used by Karlsson et al. to describe, for the first 
time, the full time profile of white blood cells. The cubic spline function comprised a lag-
time, a decrease in white blood cell count and a return to baseline. This model has been 
successfully applied to describe the leucopenic effect of etoposide.[17] Both the depth of the 
nadir leucocyte count and the duration of leucopenia could be adequately described.  
Spline functions are flexible and convenient to describe the complete time profile of the 
blood cell count. However, this model may not be predictive for alternative dosing 
regimens. No prior information about the physiology behind myelosuppression was 
included and therefore, this model can not be extrapolated beyond conditions that have 
been investigated during model development. Only if the physiological processes involved 
have been elucidated, it can be motivated if a model is valid in circumstances that have not 
so far been encountered. 
The development of predictive models of myelosuppression required a combined 
evaluation of experimental data and knowledge about myelopoiesis. The first semi-
mechanistic model of chemotherapy-induced leucopenia consisted of a drug-sensitive bone 
marrow compartment and a peripheral blood compartment.[18] A lag-time was used to 
describe the delayed hematological effect after treatment with an anticancer agent. Friberg et 
al. replaced the lag-time by a series of transit compartments, representing the maturation 
chain of blood cells in the bone marrow. This model,  comprising nine proliferating 
compartments and five non-mitotic compartments, adequately described the time profile of 
neutrophils after treatment with 2'-deoxy-2'-methylidenecytidine.[19] The model was finally 
reduced to a drug-sensitive progenitor compartment that was linked, through three 
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transient compartments representing maturation, to a compartment of circulating blood 
cells.[10]  
This semi-mechanistic model is suitable to describe the full time profile of 
myelosuppression, irrespective of the sampling schedule, and it has been shown to be 
predictive for various dosing regimens.[10] In addition, the system-related parameters of the 
model were consistent between various compounds (paclitaxel, etoposide, docetaxel, 
vinflunine, irinotecan and 2'-deoxy-2'-methylidenecytidine).[10] A drawback of this semi-
mechanistic model is its complexity.  
Despite this complexity, this semi-mechanistic population PK-PD model has become the 
gold standard to describe chemotherapy-induced myelosuppression.[10] It has been applied 
to a wide range of anticancer drugs, to describe neutropenia, leucopenia and 
thrombocytopenia.[10,20-24] The semi-mechanistic model of Friberg et al. has also been 
used to describe myelosuppression after combination therapy.[25-27] 
 
3.2.2. Modeling non-hematological toxicity scores 
Population PK-PD analysis may be helpful to evaluate relationships between drug exposure 
and non-hematological toxicity. Yet, there has been limited use of the methodology in this 
area. This can be partly explained by the type of data describing non-hematological toxicity. 
The severity of adverse events is generally measured on a categorical scale, for instance 
according to the Common Toxicity Criteria grades 0-4. The toxicity that is reported in a 
clinical study, is commonly the most severe grade that has been observed by the investigator 
during a treatment cycle. Hence, toxicity data are often categorical, sparse and subject to 
interobserver variability.  
Data of this type often do not contain sufficient information to derive quantitative PK-PD 
relationships in small patient populations. However, the population approach has been 
shown to be suitable to identify and to quantify relationships between pharmacokinetics 
and non-hematological toxicity, provided that data from a sufficiently large population are 
available. For instance, Xie et al. used a longitudinal proportional odds model to describe 
the occurrence of diarrhea after treatment with irinotecan in 109 patients. The probability of 
grade 0-4 diarrhea was related to the AUC of the glucuronide metabolite SN38G.[28] A 
similar model was recently developed by Hénin et al. to quantify the relationship between 
the dose of capecitabine and the severity of hand-foot syndrome. A study population of 595 
patients was used to develop a longitudinal proportional odds model, which adequately 
described the probability of grade 0, grade 1 or grade ≥ 2 hand-foot syndrome after 
treatment with capecitabine.[29]  
The limited use of the population approach for modeling of non-hematological toxicity can 
also be partly explained by the nature of the toxicity. Non-hematological toxicity may have a 
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cumulative nature, which imposes additional complexity on modeling of chemotherapy-
induced toxicity. 
For cumulative toxicity, the severity of an adverse event is not only related to drug exposure 
during a particular treatment cycle, but rather to drug exposure during all previous 
treatment cycles. In the population model of capecitabine-induced hand-foot syndrome, the 
probability of the grade of hand-foot syndrome was related to a measure of drug 
accumulation and to the grade of hand-foot syndrome that was experienced in the previous 
week.[29] This example demonstrates that modeling of cumulative toxicity is complex, but 
possible. 
 
3.2.3. Relationships between pharmacokinetics and efficacy 
Clinical outcome parameters such as response rates and tumor size measurements are 
sparse and are, depending on the study population, determined by drug exposure only to a 
limited extent. Especially in early clinical trials, heterogeneity of tumor type and extensive 
pretreatment histories contribute to poorly identifiable relationships between drug exposure 
and measures of efficacy. This is a difficult starting point to identify relationships between 
drug exposure and response rates or tumor size measurements. To date, no validated 
population models of relationships between pharmacokinetics and clinical outcome 
parameters have been reported, although some empirical relationships using standard 
methods have been identified. 
Relationships between dose and efficacy, as opposed to relationships between 
pharmacokinetics and efficacy, have been identified for several anticancer drugs.[30] The 
population approach has been useful in a recently presented longitudinal model for tumor 
growth size measurements. In this study, dose-effect relationships were established using 
phase II data of capecitabine and phase III data of docetaxel. These relationships predicted 
tumor size reduction at week 6 in a phase III study of docetaxel in combination with 
capecitabine.[31]  
In contrast to their limited use in modeling of response rates and tumor size measurements, 
population models have been more suitable to describe relationships between the 
pharmacokinetics of anticancer agents and the time profile of relevant biomarkers. 
Preferably, integrated mechanistic models are used to describe drug concentrations and 
biomarker levels. This is exemplified by a pharmacokinetic and pharmacodynamic model of 
degarelix and triptorelin in patients with prostate cancer.[32,33] Degarelix, an antagonist of 
the gonadotropin releasing hormone receptor, was shown to suppress the hypothalamic–
pituitary–gonadal axis. The time course of luteinizing hormone and testosterone were 
adequately described by the model. This model can therefore be used to verify suppression 
of testosterone levels for various administration regimens.  
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4. Optimization of single agent and combination regimens 

4.1. Single agent regimens 
Various administration schedules of an anticancer drug may be evaluated in clinical studies. 
Population modeling may assist in the selection of the optimal administration schedule for 
evaluation in phase II clinical studies. Several types of models, which have been discussed 
into detail in Chapter 3, can be used to support the optimization of the administration 
schedule of a novel anticancer drug. Firstly, PK models can be used to demonstrate 
equivalence in exposure between two administration regimens. Secondly, PK-PD models 
that describe toxicity may be helpful to evaluate various dosing schedules to find an optimal 
balance between high dose intensity and tolerability. Finally, PK-PD models for efficacy 
parameters or biomarkers can be applied to support the selection of the most effective 
schedule. 
These models can be used for simulation of alternative dosing regimens that have not yet 
been investigated in clinical practice. These simulations can subsequently support a strategic 
decision which administration regimen should be evaluated in clinical practice.  
Population PK modeling and simulation has been used to guide the selection of an 
administration schedule of trastuzumab by demonstrating equivalence of two regimens. For 
this compound, a weekly administration schedule (2 mg/kg/week) was widely adopted 
based on an average elimination half-life of 5.8 days that was estimated from a one-
compartment model.[34] Bruno et al. developed a two-compartment population 
pharmacokinetic model and estimated the elimination half-life at 28.5 days. 
Pharmacokinetic profiles and their 95% confidence intervals, corresponding to the 
variability between patients, were simulated for trastuzumab for a weekly (2 mg/kg/week) 
and a 3-weekly (6 mg/kg q3week) dosing regimen. This analysis revealed that the plasma 
concentrations of trastuzumab were in the same range for both schedules. It was 
hypothesized that a 3-weekly dosing regimen may be equally safe and effective as 
compared to the weekly regimen.[35] This hypothesis was subsequently confirmed in a 
clinical study.[36,37] 
A simulation study was also performed to evaluate various dosing regimens of 
asparaginase, which is used in the treatment of acute lymphoblastic leukaemia (ALL) in 
order to reduce availability of asparagine to leukemic cells. Patients with ALL were treated 
with three different formulations: pegylated asparaginase, native E.coli asparaginase or 
Erwinia asparaginase.  A PK-PD model was developed to describe the time profiles of 
enzymatic activity of asparaginase and plasma concentrations of asparagines. The model 
was used in a simulation study to evaluate asparagine levels after more or less frequent 
dosing schedules of the various formulations. A 2-weekly administration schedule of 
pegylated asparaginase was proposed for testing in a future clinical trial.[38]  
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4.2. Combination regimens 
Combination regimens of multiple anticancer agents are regularly used in the clinical 
practice of oncology, because combination therapy is often more effective than 
monotherapy. Population PK-PD modeling and simulation has been used to support the 
selection of an optimal dosing schedule for a combination regimen, similarly to the selection 
of dosing schedules for single agent treatment (Chapter 4.1).  
A second class of combination regimens is formed by anticancer drugs in combination with 
a modulator, to promote the antitumor effect at the site of action.  
For instance, the population approach has assisted in optimization of the dosing regimen of 
the combination combination treatment melphalan and buthionine sulfoxide (BSO). BSO 
inhibits the enzyme gamma-glutamylcysteine synthetase, which results in glutathione 
(GSH) depletion. This enhances the efficacy of melphalan, by reducing inactivation of 
melphalan by glutathione conjugation. Time profiles of BSO and GSH were simultaneously 
modeled. This population model was used to simulate GSH depletion for various dosing 
regimens of BSO. This study demonstrated that a regimen of 6 doses of BSO at 12-hour 
intervals was more effective than less intense administration schedules.[39] This schedule 
was prospectively evaluated in a clinical trial which demonstrated that this schedule 
resulted in depletion of glutathione to 40% of the baseline levels.[40]  
 

5. Identification of patient subgroups for dose individualization 

5.1. Covariate-based dosing 
Population pharmacokinetics and pharmacodynamics have been extensively used for the 
identification of patients or subgroups at risk for toxicity and/or undertreatment. Including 
patient characteristics (also called covariates) in PK-PD modeling can quantitate the effect of 
covariates on PK-PD parameters.[41]  Variability between patients in drug exposure and/or 
pharmacodynamic effects may be partly explained by a covariate effect. Subsequently, 
covariates may be used to guide adjustment of a chemotherapeutic regimen for individual 
patients. This may contribute to the optimization of safe and effective dosing regimens for 
anticancer drugs. 
Dose adjustments based on patient-related factors are often performed routinely. The 
dosage of multiple anticancer drugs is conventionally scaled to the body surface area (BSA) 
of a patient. However, the rationale behind BSA based dosing is up for debate.[42] For 
several anticancer drugs that are dosed based on BSA, no relevant relationship between the 
pharmacokinetics and and BSA could be demonstrated.[43,44] However, for other drugs, 
relevant relationships have been identified. [45,46]  
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Besides measures of body size (BSA, weight), multiple other patient-related factors that 
might be considered for dose-individualization, such as age, gender, race, renal function, 
liver function, plasma protein levels, genotype (Chapter 5.1.1) and comedication (Chapter 
5.1.2). For 5-FU, the mean clearance was estimated at 65 L for women and 125 L for men.[47] 
This suggests that therapy with 5-FU might be optimized when women would be treated 
with a lower dose than men.  
In order develop rational dosing regimens, the selection of statistically significant and 
clinically relevant covariate relationships is required. Multiple techniques have been 
described to select significant and relevant covariate relationships.[41] Importantly, 
covariate-based dosing is only warranted if the magnitude of the interindividual variability 
explained by the covariate relationship is large. Characterization of the magnitude of 
variability within a patient population can aid the interpretation of the clinical impact of 
covariate relationships. For example, body weight and BSA were both statistically 
significant covariates in a pharmacokinetic model of pertuzumab. However, these 
demographic variables only explained a small percentage of the variability of pertuzumab 
pharmacokinetics between patients. The variability of trough levels at steady state was not 
relevantly reduced in a BSA- or weight-based dosing regimen. This analysis demonstrated 
the feasibility of fixed dosing of pertuzumab, which was subsequently used in the further 
development of the compound.[48] 
Covariate-based dosing regimens are eventually aimed to improve drug safety and/or 
efficacy. The clinical benefit of a dosing regimen is preferably evaluated in a clinical study. 
This was proposed for docetaxel. High alfa1-acid glycoprotein levels were related to less 
toxicity, efficacy and survival in patients with non-small cell lung cancer. This effect was 
believed to have a pharmacokinetic and a pharmacodynamic component. A phase III study 
of docetaxel was proposed to evaluate the benefit of a higher dose for patients with high 
alfa1-acid glycoprotein levels. The clinical trial was never performed, because a simulation 
study had demonstrated low power to detect a difference in survival due to dose 
intensification.[49] 
In clinical practice, the physiological rationale for a covariate relationship should always be 
considered to judge if a covariate-based dose adjustment is indicated. This is exemplified by 
a case study of an obese patient, who had received a carboplatin dose that was based on the 
Cockcroft-Gault equation.[50] This equation is in fact not reliable for obese patients, but was 
nevertheless applied in routine clinical practice. The high body weight and low serum 
creatinine level resulted in a high individual dose for this patient. Exposure to carboplatin 
was 71% above the target exposure.[50] 
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5.1.1. Pharmacogenetics  
Population pharmacogenetic studies can be performed to identify relationships between 
genetic polymorphisms and pharmacokinetic or pharmacodynamic parameters. The field of 
pharmacogenetics is rapidly expanding. Population pharmacogenetic analyses have mainly 
been used to identify and quantify the effect of genetic polymorphisms of drug transporters 
and metabolizing enzymes on pharmacokinetic parameters.  
A gene mutation can be considered as any other potential covariate, as described above. 
However, some special considerations should be taken into account. In pharmacogenetic 
studies, patients are commonly screened for multiple polymorphisms of multiple genes. In a 
subsequent population pharmacogenetic analysis, the relationship between each 
polymorphism an one or more pharmacokinetic parameters of interest can be investigated. 
The strategy of this analysis should be carefully designed, because the pharmacogenetic 
effects of various polymorphisms may be correlated. It is therefore important to perform a 
multivariate analysis in pharmacogenetic studies. Furthermore, pharmacogenetic effects 
may be overpredicted if all possible relationships are evaluated in a multivariate analysis. 
This may be partly precluded by constraining the analysis to an evaluation of 
physiologically plausible pharmacogenetic relationships. 
Significant pharmacogenetic effects have been identified for various anticancer drugs, but 
additional studies were warranted to evaluate the potential benefit of pharmacogenetically-
guided dose individualization.[51-55] However, clinical evaluation of pharmacogenetically-
guided dosing is expensive and time-consuming, because genotype frequencies and toxicity 
rates are usually low. Alternatively, simulation studies can be conducted to verify the 
clinical implications of significant pharmacogenetic effects. For instance, elimination of the 
investigational anticancer agent indisulam was shown to be impaired by CYP2C9*3, 
CYP2C19*2 and CYP2C19*3 mutations. A simulation study was performed to evaluate the 
resultant relative risk of dose limiting neutropenia and a pharmacogenetically-guided 
dosing strategy was proposed.[55] This study illustrates that the application of population 
PK-PD models can be supportive to translate a descriptive pharmacogenetic effect into a 
practical clinical implication.  
 
5.1.2. Concomitant medication 
Population modeling may be used for the identification and quantification of interactions 
between an anticancer drug and co-medication. A drug-drug interaction may be 
demonstrated using data from a dedicated interaction study or from large databases of 
phase III and IV studies. In a population model, the effect of concomitant use of the 
interacting drug may be included as dichotomous covariate. In a more sophisticated 
method, a concentration-effect relationship can be incorporated into a population model to 
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quantitate the correlation between the magnitude of the pharmacokinetic interaction and the 
concentration of the co-medication.  
The more sophisticated method was used by Huitema et al. and by De Jonge et al. who 
developed an integrated model describing the induction of thiotepa metabolism by 
cyclophosphamide and the inhibition of the bioactivation of cyclophosphamide by 
thiotepa.[56,57] This model was (and still is) being used for pharmacokinetic monitoring of 
the cyclophosphamide-thiotepa-carboplatin high dose regimen, using a Bayesian 
method.(Chapter 6) This population model facilitated the identification of additional 
pharmacokinetic interactions: inhibition of cyclophosphamide and thiotepa metabolism by 
aprepitant. These interactions were included in the population model as dichotomous 
covariate effects to estimate the clearance of cyclophosphamide and thiotepa with and 
without concomitant use of aprepitant.[58] 
By intensifying the use of population pharmacokinetic modeling in monitoring potential 
drug-drug interactions, unwanted pharmacokinetic interactions may be identified in an 
early stage. In a phase I clinical study, the reduction of indisulam elimination by 
concomitant treatment with capecitabine was early identified using population 
pharmacokinetic analysis. This allowed further evaluation of the interaction in an amended 
clinical study.[26,59]  
 
5.2. Dosing recommendations in pediatric patients  
Pharmacokinetic and pharmacodynamic characteristics of an anticancer agent may be very 
different in pediatric patients as opposed to adults. Wide variability may be observed in 
pediatric patient populations. Population PK-PD analyses have been used to identify 
differences between pediatric patients and adults, to capture the wide variability in pediatric 
populations and to identify covariates to explain this variability. Ultimately, population 
models can be used to define dosing regimens for pediatric patients.  
Covariate relationships that have been identified in adults may not be valid in pediatric 
patients. Chatelut showed that carboplatin clearance could be predicted from age, sex, 
weight and serum creatine levels in adults.[60] For pediatric patients, an alternative formula 
was developed to predict carboplatin clearance from weight and serum creatinine levels 
only.[61] The predicted carboplatin clearance can subsequently be used to calculate an 
individualized dose of carboplatin. 
Pediatric patient populations may be very inhomogenous, because infants, childs and 
adolescents may show a wide variation in body size, renal and liver function. This is 
reflected in wide variation in pharmacokinetic parameters. This variation may be partly 
explained by age, weight and BSA, which can be subsequently used to define dosing 
strategies for pediatric patients. For instance, a population pharmacokinetic analysis of 
cytosine arabinoside (ara-C) demonstrated that all pharmacokinetic parameters were 
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proportional to body surface area and age in a pediatric patient population (2 months-19 
years).[62] Busulfan pharmacokinetics proved to be independent of age. Booth et al. have 
showed that busulfan dosing should be rather based on body weight. Infants (<12 kg) 
should be dosed at 1.1 mg/kg and children of  >12 kg are optimally treated with 0.8 mg/kg. 
 

6. Therapeutic drug monitoring 

6.1. Bayesian analysis for pharmacokinetically-guided dosing 
If the unexplained interindividual variability in a population pharmacokinetic model is 
large relative to the interoccasion variability, pharmacokinetically-guided dose 
individualization may be suitable to optimize treatment. Several other criteria for successful 
application should also be met, such as rapid processing of data and the possibility of timely 
intervention.  
Population models have been used to estimate the PK-PD parameters of individual patients 
for therapeutic drug monitoring using maximum a posteriori probability (MAP) Bayesian 
estimation. The population model and the observed PK and/or PD data of an individual 
patient are used to estimate the PK-PD parameters given that the individual is a member of 
the population. The individual parameter estimates can be used for dose adaptations.  
In prospective studies, a reduction of the variability in drug exposure by therapeutic drug 
monitoring could be demonstrated.[63-66]  Therapeutic drug monitoring may therefore 
contribute to optimization of anticancer treatment. Further implications and restrictions of 
pharmacokinetically-guided dosing have been extensively reviewed by De Jonge et al.[67]  
 
6.2. Limited sampling strategies  
Limited sampling strategies can be used to optimize the efficiency of therapeutic drug 
monitoring. A limited sampling strategy is a schedule with only a few sampling times which 
still can result in adequate estimation of a PK parameter of interest, for instance using MAP 
Bayesian estimation of individual pharmacokinetic parameters. The accuracy of Bayesian 
estimation of pharmacokinetic parameters for individual patients is dependent on the 
sampling times.[68]  
Population models that have been developed using retrospective data can be used to design 
a limited sampling strategy. Three methods have been commonly used to determine the 
optimal sampling times. Firstly, the D-optimality algorithm can be applied to select 
sampling times for a limited sampling strategy.[69] Secondly, simulation studies can be 
conducted to evaluate various possible sampling strategies and to select the best case 
performance. Thirdly, various selections of experimental data can be evaluated and 
compared to the full design using MAP Bayesian estimation in order to select a limited 
number of informative sampling times. 
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As explained above, limited sampling strategies may be used to increase the efficiency of 
therapeutic drug monitoring. In addition, limited sampling is of importance for the 
assessment of pharmacokinetics in pediatric patients, both for ethical and partical reasons. 
For instance, Panetta et al. used the D-optimality algorithm to select optimal sampling times 
for a limited sampling strategy consisting of two samples to study etoposide 
pharmacokinetics in children.[68] Finally, optimal sampling designs may also be used to 
optimize the efficiency of clinical pharmacokinetic studies. The D-optimality algorithm was 
used to develop four limited sampling strategies that were implemented in 24 phase II 
studies of docetaxel.[70] This greatly reduced the burden for patients who participated in 
these studies. 
 

7. Overview of population analyses in clinical oncology 

The examples that were described in this review article comprise only a small selection from 
the literature about population PK-PD modeling in clinical oncology. An overview of 
published clinical population analyses of anticancer agents is given below. This overview is 
presented in Tables 1-9. Anticancer agents are classified according to their mechanism of 
action and/or their chemical class.  
 
Table 1.  DNA alkylating agents 
Table 2.  DNA cross-linking agents 
Table 3.  antimetabolites 
Table 4.  antimicrotubule drugs 
Table 5.  drugs that impair DNA function 
Table 6.  endocrine agents 
Table 7.  small molecule signal transduction inhibitors 
Table 8.  immunotherapies 
Table 9.  miscellaneous anticancer agents 
 
Many studies that have been reported in literature were aimed to develop strategies for dose 
individualization by identifying relevant covariate relationships. Although the ultimate goal 
of treatment optimization was frequently mentioned, the analyses were mostly descriptive 
and clinical consequences of covariate effects or dose individualization were commonly not 
evaluated nor implemented in clinical studies or practice. 
Most population pharmacokinetic models that have been published to date within the field 
of clinical oncology were empirical models that may not be suitable for extrapolation. After 
clinical trial simulations have become an important tool in treatment optimization, the need 
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and relevance of (semi-)mechanistic models has become more evident. This is reflected in an 
increasing number of publications about mechanistic models. 
Most of the published population analyses only investigated the pharmacokinetics of an 
anticancer agent. In an increasing part of the studies, however, a relationship between 
pharmacokinetics and pharmacodynamics was defined. Few, but increasing efforts have 
been reported in recent years to use longitudinal proportional odds models for modeling of 
categorical pharmacodynamic parameters. Furthermore, the development of mechanistic 
PK-PD models has advanced in clinical oncology. It can therefore be concluded that the 
nature of population modeling is steadily shifting from empirical PK modeling to 
mechanistic PK-PD modeling. 
For anticancer agents in general, it is important to establish the pharmacokinetic 
characteristics in the target population in order to optimally balance safety and efficacy. This 
is most important for chemotherapeutic regimens that may cause very serious toxicity if 
dosing is not accurately optimized. For that reason, anticancer agents with large 
interindividual variability and high dose chemotherapy regimens deserve special attention. 
This overview shows that a lot of population analyses have indeed been performed for high 
dose chemotherapy regimens, such as CTC (cyclophosphamide, thiotepa, carboplatin), 
busulfan and methotrexate.  
The growing interest in the population approach by academia is reflected in an increasing 
number of publications about population PK-PD analyses in clinical oncology over the past 
two decades. The acknowledgement of the opportunities of the population approach by 
pharmaceutical industries and regulatory authorities, allows the expectation of a further 
progress. 
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Table 1. Population models of DNA alkylating agents 
Anticancer drug Model type Description Ref 
Nitrogen mustards     
cyclophosphamide  PK NM CL co-varies with WT in the CMF regimen [71] 
 PK NM autoinduction of 4-OHCP formation [72] 
 PK NM autoinduction, TT-mediated inhibition of 4-OHCP formation [57] 
 PK NM integrated PK model of CP and TT, mutual PK interaction  [56] 
 PK NM integrated PK model of CP and its metabolites [73] 
 PK NM application of PK model [56], interaction with phenytoin [74] 
 PK NM high exposure in obese patient stresses importance of TDM [50] 
 PK NM PK guided dosing reduced variability in exposure [63] 
 PK NM optimal sampling strategy for CTC regimen [75] 
 PK NM relationship between PK active metabolites and VOD [76] 
 PK NM PK model of CP and 4-OHCP [77] 
 PK NM autoinduction of CP elimination [78] 
 PK NM PK model and in silico evaluation of a TDM method [79] 
 PK NM pop. analysis [79] better than NCA for PK guided dosing [80] 
 PKPD NM neutrophil recovery after myeloablative CTC  [81] 
 PD NM neutropenia following CTC, stem cell transplantation, G-CSF [82] 
 PK NM cyclophosphamide, doxorubicin, etoposide: no interactions [83] 
 PK NM BEACOPP regimen, pop. PK, regression model for PKPD [84] 
 PK NM CYP2B6 G516T mutation increased 4-OHCP formation [54] 
 PK NM CYP2B6 C64T no effect on cyclophosphamide PK  
 PK NM CYP2C19*2 mutation decreased 4-OHCP formation [52] 
 PK NM aprepitant inhibits cyclophosphamide bioactivation [58] 
 PK NM no PK correlations of 4-OHCP in FEC regimen [85] 
 PKPD NM model of leucopenia following FEC and G-CSF [25] 
ifosfamide PK NM covariate analysis, neurotoxicity related to 2- and 3-DCE PK [86] 
 PK NM ifosfamide PK not correlated with doxorubicin and etoposide [87] 
 PK IT2S R- and S- ifosfamide and metabolites all show autoinduction [88] 
 PK NM CYP3A4/CYP2B6 metabolism unaffected by ketoconazole and 

 rifampin 
[89] 

 PK NM infusion time affected exposure to ifosfamide and 3-DCE [13] 
 PK NM optimal sampling strategy in children [90] 
 PK NM PK of ifosfamide including enzymatic model of autoinduction [12] 
 PK NM dosing on 2 days: 2-DCE exposure higher (autoinduction?)  [91] 
melphalan PK NM large IIV, optimal sampling strategy [92] 
 PK NM PK guided dosing of 24h infusion, every 4 weeks  [93] 
 PK NM iv, children, covariate relationships, limited sampling design [94] 
Ethylenimines    
thiotepa  PK NM TT inhibits activation of CP in the CTC regimen [57] 
 PK NM PK model of thiotepa and tepa, covariate analysis [95] 
 PK NM integrated PK model of CP and TT, mutual PK interaction [56] 
 PK NM Bayesian use of PK model [95], elevation of transaminases  [76] 
 PK NM Bayesian use of PK model [95], irreversible alopecia [96] 
 PK NM Bayesian use of PK model [56], interaction with phenytoin [74] 
 PK NM high exposure in obese patient stresses importance of TDM [50] 
 PK NM in silico evaluation of a PK guided dosing strategy  [97] 
 PK NM PK guided dosing reduced variability in exposure [63] 
 PK NM optimal sampling strategy for CTC regimen [75] 
 PK NM aprepitant inhibits thiotepa metabolism [58] 
 PD NM neutropenia following CTC, stem cell transplantation, G-CSF [82] 
 PK NM CYP2B6 C64T= *2 mutation related to reduced thiotepa CL [98] 
    
  Continued next page  
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Table 1. Continued 
Anticancer drug Model type Description Ref 
Alkyl sulfonates    
busulfan PK MAP iv, TDM useful in children (fewer VOD, higher engraftment)  [99] 
 PK NM iv, WT-based dosing seems feasible in pediatric patients [100] 
 PK NM po, large IIV, smaller IOV, CL and V co-varied with BSA [101] 
 PK NM iv, small IIV, CL and V co-varied with WT [102] 
 PK NM iv, CL co-varied with BSA or WT, optimal sampling for TDM [103] 
 PK NM optimal sampling strategy, low CL in children with leukemia [104] 
 PK NM po, tool for a priori & a posteriori dose individualization [66] 
 PK NPAG iv, children, hematological malignancies (+ other diseases) [105] 
 PK NM iv, children, weight based dosing and TDM are indicated [106] 
Acylfulvenes    
irofulven  PK ELS high clearance, large IIV, optimal sampling strategy [107] 
Quinones    
mitomycin PK NM hyperthermic peritoneal perf., AUC related to myelosuppr. [108] 
EO9 PK IT2S phase I, short half-life, optimal sampling strategy [109] 
 PK NM phase II, optimal sampling strategy, no relationships with PD [110] 
Triazenes    
temozolomide PK IT2S CL in children co-varied with BSA and age [111] 
 PK NM CSF penetration of temozolomide [112] 
 PK MCS hybrid model of PK in tumors, translation to humans [113] 
 PK NM CL co-varied with BSA and sex, BSA-based dose warranted [114] 
Nitrosoureas    
fotemustine PK NM CL and V co-vary with demogr. and biochemical parameters [115] 
    

17-AAG=17-(allylamino)-17-demethoxygeldanamycin; 17-AG=17-(amino)-17-demethoxygeldanamycin; 2-CDE=2-
dechloroethylifosfamide;  3-CDE=3-dechloroethylifosfamide; 4-OHCP=4-hydroxycyclophosphamide; 5’-DFCR=5’-
deoxyfluorocytidine; 5’-DFUR=5’-deoxyfluorouridine; 5-FU=5-fluorouracil; 7-OHMTX=7-hydroxymethotrexate; 9-
AC=9-aminocamptothecin; AAG=alpha-1-acid glycoprotein; ALL=acute lymphocitic leukemia; ANC=absolute 
neutrophil count; AP=alkaline phosphatase; ara-C= cytosine arabinoside; ara-U= uracil arabinoside; AUC=area under 
the concentration-versus-time curve; BEACOPP=bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, 
procarbazine, prednisone; BIL=bilirubin; BSA=body surface area; CL=clearance; Cmax=maximal concentration; 
CMF=cyclophosphamide, methotrexate, 5-fluorouracil; CP=cyclophosphamide; CPT-11=irinotecan; CrCL=creatinine 
clearance; CSF=cerebrospinal fluid;  Css=steady state concentration; CTC=cyclophosphamide, thiotepa, carboplatin; 
CysC=cystatin C; DMDC=2'-deoxy-2'-methylidene cytidine; DPD=dihydropyrimidine dehydrogenase; ELS=least 
squares; F=bioavailability; FBAL=alpha-fluoro-beta-alanine; FdURD= 5-fluoro-2'-deoxyuridine; FEC=5-fluorouracil, 
epirubicin, cyclophosphamide; G-CSF=granulocyte colony stimulating factor; GFR=glomerular filtration rate; 
Hb=hemoglobin; HD=high dose chemotherapy; HPMA=N-(2-hydroxypropyl) methacrylamide; IIV=interindividual 
variability; IOV=interoccasion variability; IT2S=iterative two-stage; KPD=kinetic-pharmacodynamic; LH=luteinizing 
hormone; MAP=maximal a posteriori Bayesian estimation; iv=intravenous; MLE=maximum likelihood estimation; 
MCS=Monte Carlo simulation; MTX=methotrexate; NCA=non-compartmental analysis; NLME=nonlinear mixed effects 
modeling in S-Plus; NLMIXED=nonlinear mixed effects modeling in SAS; NM=nonlinear mixed effects modeling using 
NONMEM; NPEM=nonparametric expectation maximization; NPAG=non-parametric adaptive grid; NS=not specified; 
PBMCs=peripheral blood mononuclear cells; PD=pharmacodynamics; PEM=parametric expectation maximization; 
PK=pharmacokinetics; po=per os; SCr=serum creatinine; SN-38=7-ethyl-10-hydroxycamptothecin; SN-38G=7-ethyl-10-
hydroxycamptothecin glucuronide; TDM=therapeutic drug monitoring; TT=thiotepa; V=volume of distribution; 
VOD=veno-occlusive disease; WBC=white blood cell; WinNonMix=nonlinear mixed effects modeling in a Windows 
application;  WT=weight. 
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Table 2. Population models of DNA cross-linking agents 
Anticancer drug Model type Description Ref 
Platinum agents    
carboplatin PK NM dosing formula for obese patients [116] 
 PK NM Chatelut formula for carboplatin clearance [60] 
 PK NM optimal sampling strategy for CTC regimen [75] 
 PK NM PK guided dosing reduced variability in exposure [63] 
 PK NM high exposure in obese patient stresses importance of TDM [50] 
 PK NM Bayesian PK guided dosing strategy with sparse sampling [117] 
 PK NM Bayesian use of PK model [117], irreversible alopecia [96] 
 PK NM a priori formula for carboplatin clearance in children [61] 
 PK NM optimal sampling strategy and prospective validation of TDM [118] 
 PK NM optimal sampling strategy in children and external validation [119] 
 PK NM sequential Bayesian algorithm for TDM [120] 
 PK NM flat dosing feasible in patients with normal renal function [121] 
 PK MCS hybrid model of PK in tumors, translation to humans [113] 
 PK MAP Bayesian algorithm for TDM during120h infusion regimen [122] 
 PK MAP  CrCL is not a good predictor, Bayesian algorithm for TDM [123] 
 PK NM relationship between carboplatin PK and ototoxicity [76] 
 PK NM correction of Jaffé SCr required for carboplatin dosing [124] 
 PK PEM a priori dosing formula based on CrCL and height [125] 
 PK NPEM and NM a priori dosing formula and Bayesian algorithm in children [126] 
 PK MLE,   MAP optimal sampling strategy and Bayesian algorithm for TDM [127] 
 PK MAP a priori method [126] and TDM for high dose in children [65] 
 PK NM a priori dosing method and TDM for high dose in adults [128] 
 PK NM a priori dosing formula based on WT, age, sex, SCr, CysC [129] 
 PK NM Wright formula to predict GFR and carboplatin CL [130] 
 PD NM neutropenia following CTC, stem cell transplantation, G-CSF [82] 
 PK ELS CL(unbound) co-varied with WT, SCr, nephrectomy status [131] 
cisplatin PK NM a priori dosing formula based on BSA [132] 
 PK NM different covariate models for cisplatin and filtered platinum [133] 
 PK NM indication of correlation nephrotoxicity and total platinum PK [134] 
 PK MAP Bayesian algorithm for TDM during120h infusion regimen [135] 
 PKPD NM CL co-varied with BSA, nephrotoxicity related to Cmax [136] 
 PK NM hyperthermic peritoneal perfusion, 20% of dose in plasma [137] 
 PK ELS CL(unbound) co-varied with BSA and CrCL [46] 
 PK NM po and iv administration, BSA-based oral dosing feasible [138] 
nedaplatin PK NM PK of unbound platinum, CL co-varied with CrCL [139] 
oxaliplatin PK NM enterohepatic recirculation, CL co-varies with WT, sex, SCr [140] 
 PK NM CL co-varied with BSA, sex, SCr, age [141] 
 PK WinNonMix PK of unbound platinum [142] 
    

See footer of Table 1. 
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Table 3. Population models of antimetabolites 

Anticancer drug Model type Description Ref 
Folate antagonists    
5-fluorouracil PK NM linear elimination, no significant covariates  [71] 
 PK NM saturable elimination, no PK correlations in FEC regimen [85] 
 PK NM Vmax co-varied with BSA and liver metastatic volume [143] 
 PK NM circadian rhythm and sex dependency of 5-FU PK [47] 
 PK NM CL reduced on day 4, one-sample strategy for TDM [144] 
 PK NM CL co-varied with age, DPD activity, time, alk.phosphatase [145] 
 PK NM oxaliplatin co-administration did not interfere with 5-FU PK [146] 
 PKPD NM model of leucopenia after FEC, minor contribution of 5-FU [25] 
 PK NM application of [47] to determine PK of 22h 5-FU infusion [147] 
 PK NM food reduced absorption rate of 5-FU (with enaluracil) [148] 
 PKPD EM FdURD and 5-FU conc. related to efficacy and toxicity [149] 
capecitabine KPD NM longitudinal dose-effect model of hand-foot syndrome [29] 
 PK NM covariate relationships of FBAL and 5-FU PK not relevant  [150] 
 PK NM model of 5’-DFUR, 5-FU and FBAL, formation-lagtime [151] 
 PK NM poor relationships between exposure and safety/efficacy [152] 
 PK NM model of capecitabine, 5’-DFCR, 5’-DFUR and 5-FU [11] 
 KPD NM interaction with indisulam [26] 
 KPD NS longitudinal dose-effect model of tumor regression [31] 
 PK NM model of FBAL, design of phase IV study for noncompliance [153] 
S-1 PK NM enzymatic inhibition model of gimeracil effect on 5-FU CL [154] 
tegafur PK NM model of tegafur and 5-FU after administration of UFT [155] 
methotrexate PK NPEM high dose (HD) in children, Cp(24h) risk factor for toxicity [156] 
 PK NM HD in children with ALL, prediction folate-based rescue time [157] 
 PK NM HD in children with ALL, 2-comp., CL an V1 ~ age and WT [158] 
 PK NPEM HD in children with osteosarcoma, PK related to response [159] 
 PK NM CL of MTX and 7-OHMTX decreased by benzimidazoles [160] 
 PK NM large variability of MTX PK, inhomogeneous population [71] 
 PK STS, MAP Bayesian method allows reduced sampling time for TDM [161] 
 PK NM in silico evaluation of optimal sampling strategy for TDM [162] 
 PK NM Bayesian method for TDM, in silico and in vivo evaluation [163] 
 PK NPEM , 

MAP 
D-optimal sampling strategy: 4h, 6h, 24h in young patients [164] 

 PK NS one-sample strategy to predict folate-based rescue time [165] 
 PK STS, MAP Bayesian method for individualization of folate-based rescue [166] 
 PK STS, MAP three-compartment model, optimal sampling strategy [167] 
 PKPD NM neutropenia after MTX and docetaxel, KPD vs PKPD model [168] 
pemetrexed PK NM CL co-varied with CrCL, BSA-based dosing not feasible [169] 
 PKPD NM model of neutropenia after pemetrexed treatment [22] 
 PKPD NM vitamin supplementation may reduce risk of neutropenia [170] 
 PK NM multiple covariate relationships, e.g. CL co-varied with CrCL [171] 
raltitrexed  PK PEM CL co-varied with CrCL, V co-varied with WT and albumin [172] 
Nucleoside analogues    
cytarabine PK NM conversion of ara-C to ara-U increased with age in children [62] 
2'-deoxy-2'-methylidene PKPD NM model of neutropenia after DMDC administration [19] 
cytidine (DMDC) PKPD NM neutropenia and leucopenia after treatment with DMDC [10] 
troxacitabine PK NM CL co-varied with BSA and CrCL [173] 
gemcitabine PK NM CL did not co-vary with CrCL, patients with renal impairment [174] 
 PK NPEM large IIV, TDM seems beneficial [175] 
clofarabine PK NM allometric scaling, long half-life of intracellular triphosphate [176] 
cladribine PK NM fixed oral dosage regimen seems feasible [177] 
Ribonucleoside diphosphate reductase inhibitors  
hydroxyurea PK NM po and iv, bioavailability 79%, non-linear elimination [178] 
    

See footer of Table 1. 
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Table 4. Population models of antimicrotubule drugs  
Anticancer 
drug 

Model type Description Ref 

Vinca-alkaloids    
vinflunine PKPD NM neutropenia and leucopenia after treatment with vinflunine [10] 
vinorelbine PK NM individual predicted CL seemed to decrease with age  [179] 
 PK ELS CL co-varied with BSA and alkaline phosphatase [180] 
 PK NM blood and plasma PK of vinorelbine [181] 
 PK NM optimal sampling strategy, CL co-varied with platelet count [182] 
 PK NM CL co-varied with dexamethasone CL, but not with BSA [183] 
 PK PEM posterior predicted CL correlated with SCr and neutropenia [184] 
 PK NM no reduced CL in elderly pts as compared to younger pts [185] 
 PK STS, MAP optimal dosing strategy: 6h and 24h [186] 
 PK NM po and iv, bioavailability 36%, food induced absorption delay [187] 
 PK NM optimal sampling strategy: end of infusion, 6h and 48h [188] 
Taxanes    
paclitaxel PK NM paclitaxel combined with zosuquidar, increased exposure  [189] 
 PK NM prospective evaluation of Bayesian method for TDM [64] 
 PK NM time-dependent impairment of oral absorption by cremophor EL [190] 
 PKPD NM neutropenia and leucopenia after treatment with paclitaxel [10] 
 PK NM radiosensitizing plasma concentrations after low-dose pacl. [191] 
 PKPD NM unbound, plasma, blood conc., relationship to neutropenia [9] 
 PKPD NM validation of mechanistic model [9] with sparse sampling [192] 
 PKPD NM paclitaxel AUC related to risk of neutropenia and survival [193] 
 PK NM no pharmacogenetic relation with CYP2C8, CYP3A, ABCB1 [194] 
 PK NM model for cremophor EL to support paclitaxel PK analysis [195] 
 PK NM model for cremophor EL to support paclitaxel PK analysis [196] 
 PK NM high BIL and age were related to low Vmax and high time above 

threshold 
[197] 

 PKPD NM general model for time-dissociated PK/PD effects [198] 
 PK NM non-linear PK: saturable binding or saturable transport [8] 
 PK NM paclitaxel combined with cyclosporine without cremophor EL [199] 
 PK NM paclitaxel CL reduced by 50% in combination with biricodar [200] 
 PK NM nonlinear PK of paclitaxel with cremophor EL  [201] 
docetaxel PKPD NM neutropenia after MTX and docetaxel, KPD vs PKPD model [168] 
 PK NM individual AUC values related to nadir platelet count [202] 
 PK NM optimal sampling strategies for Bayesian estimation of CL [203] 
 PK NM 3-compartment model, CL co-varied with BSA and age [204] 
 PK NM CL co-varied with AAG and hepatic enzyme levels [205] 
 PK NM extensive covariate analysis, external model validation [206] 
 PK NM high liver enzyme levels were related to low CL and high risk of 

hemat.ological toxicity 
[70] 

 PKPD NM review of PKPD analyses in 640 patients [207] 
 PK NM ABCB1 C1236T polymorphism related to lower CL [53] 
 PK NM application of [203], docetaxel in combination with topotecan [208] 
 PK NM no impact of amifostine on docetaxel PK [209] 
 PKPD NM neutropenia and leucopenia after treatment with docetaxel [10] 
 PK NM 4th compartment, models for impaired / normal liver function [210] 
 PK NM 

and NPML 
methods in agreement: CL co-varied with BSA and age [211] 

 PK NM CL co-varied with dexamethasone CL and liver metastases [212] 
 PKPD NM model of leucopenia following epirubicin/docetaxel [27] 
 PK PEM weekly regimen, CYP3A4 activity and liver function affect CL [213] 
 KPD NS longitudinal dose-effect model of tumor regression [31] 
 PKPD NM minimal benefit of dose intensification in pts with high AAG [49] 
Cryptophycins    
LY355703 PK NM one-compartment model despite biphasic PK profile [214] 

See footer of Table 1. 
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Table 5. Population models of drugs that impair DNA function  
Anticancer drug Model type Description Ref 
Camptotecins (top. I inhibitors)   
topotecan PKPD NM topotecan PK and semi-physiological model of neutropenia [215] 
 PK NM optimal sampling strategy using plasma and saliva samples [216] 
 PKPD NM large AUC and platinum pretreatment increased neutropenia [16] 
 PK NM application of [16], topotecan in combination with docetaxel [208] 
 PK NM CL co-varied with weight, height, SCr, sex [217] 
 PK MCS hybrid model of PK in tumors, translation to humans [113] 
 PK MLE  plasma PK predictive for exposure in CSF  [218] 
 PK NM CL related to performance status, optimal sampling strategy [219] 
 PKPD NM model of neutropenia, flat dosing seems feasible [21] 
 PK NM CL co-varied with age and SCr, large IIV small IOV [220] 
 PKPD MLE 

and ELS 
total and lactone  AUC and Css were related to ANC nadir [15] 

 PK NM CysC predictive for topotecan CL and superior to SCr [221] 
 PK NM po and iv, optimal sampling strategy in children [222] 
 PKPD MLE model for topotecan lactone PK and neutropenia [223] 
 PK MLE PK of topotecan lactone in plasma and CSF in children [218] 
irinotecan (CPT-11) PK NM CPT-11, SN-38 and SN-38G, no pharmacogenetic effects [224] 
 PKPD NM neutropenia and leucopenia after treatment with CPT-11 [10] 
 PK NM CPT-11, SN-38 and SN-38G, covariate analysis [225] 
 PKPD NM relationship between SN-38G AUC and risk of diarrhea [28] 
 PK STS  

and MAP 
optimal sampling strategy [226] 

 PK NM CPT-11, optimal sampling strategy [227] 
 PK NM CPT-11, 4 metabolites, lactone-carboxylate interconversion [228] 
diflomotecan PKPD NM model of PK and neutropenia, flat dosing seems feasible [20] 
rubitecan PK NM PK model of rubitecan and 9-AC, optimal sampling strategy [229] 
lurtotecan PK NM optimal sampling strategy, weak relation PK-hemat.toxicity [230] 
Epipodophyllotoxins (top. II inhibitors)  
etoposide PK NM etoposide PK not correlated with doxorubicin and ifosfamide [231] 
 PK NM etoposide PK not correlated with doxorubicin and ifosfamide [87] 
 PK NM CL was decreased in combination with valspodar (-50%) [232] 
 PK NM covariate analysis in children [233] 
 PK STS 

and MAP 
in-cycle TDM during 5h infusion, prospective validation [234] 

 PKPD NM neutropenia and leucopenia after treatment with etoposide [10] 
 PKPD NM leucopenia after treatment with etoposide [17] 
 PK ELS etoposide CL decreased by 71% due to cyclosporin [235] 
 PK NM evaluation of spare sampling in bioequivalence study [236] 
 PK NM po and iv, bioavailability 66%, CL unbound related to SCr [237] 
 PK NM 21 day po regimen, in-cycle TDM based on unbound conc.  [238] 
 PKPD PEM total and unbound, AUC unbound predictive for neutropenia [239] 
 PK NM cyclophosphamide, doxorubicin, etoposide: no interactions [83] 
 PK NM BEACOPP regimen, pop PK, regression model for PKPD [84] 
 PK PEM high dose in children, relatively low CL [240] 
 PK MAP limited sampling; Bayesian method better than regression [68] 
 PK PEM plasma conc. longer in therapeutic range after po than iv   [241] 
 PK NM  

and Excel 
tool to implement PKPD model for TDM in clinical practice [242] 

 PK PEM covariate analysis, drug-drug interaction with ifosfamide [243] 
teniposide PK large IIV in CL, steady state conc. related to response [244] 
 PK MLE  

and MAP 
in silico a priori and a posteriori dose individualization [245] 

    
  Continued next page  
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Table 5. Continued 
Anticancer drug Model type Description Ref 
Anthracyclin antibiotics (top. II inhibitors)  
epirubicin PK NM 3-compartmental PK, no PK correlations in FEC regimen [85] 
 PK NM models of epirubicin an epirubicinole and covariate 

analysis 
[246] 

 PK NM UGT2B7 -66T>C mutation related to low epirubicinole CL [51] 
 PK NM dosing strategy based on aspartate aminotransferase level [247] 
 PK NM optimal sampling strategy, external and in silico evaluation [248] 
 PK NM contradictionary results of internal and external validation [249] 
 PKPD NM model of leucopenia following epirubicin/docetaxel [27] 
 PKPD NM model of leucopenia following FEC and G-CSF [25] 
 PK NM epirubicin CL co-varied with age in females [250] 
 PK NM microdialysis in breast tumors, AUC=11% of plasma AUC  
doxorubicin PK NM doxorubicin CL decreased in patients with high bilirubin [251] 
 PKPD IT2S pegylated-liposomal doxorubicin PK related to response [252] 
 PK MLE  

and MAP 
optimal sampling strategy to determine CL [253] 

 PK MLE  
and MAP 

optimal sampling strategy to determine terminal half-life [254] 

 PK NM doxorubicin PK not correlated with ifosfamide and 
etoposide 

[87] 

 PK NM PK model of doxorubicin, doxorubicinole and aglycones [255] 
 PK NM PK model of doxorubicin bound to HPMA copolymer and 

free doxorubicin  
[256] 

 PK NM cyclophosphamide, doxorubicin, etoposide: no interactions [83] 
 PK NM BEACOPP regimen, pop PK, regression model for PKPD [84] 
 PK NM zosuquidar increased exposure to doxorubicin and -ole [257] 
daunorubicin PK NM zosuquidar reduced daunorubicin and daunorubicinole CL  [258] 
 PK NM liposomal daunorubicin, low IIV, pediatric study [259] 
sabarubicin PK IT2S model development, D-optimal sampling strategy [260] 
Other antitumor antibiotics   
KRN5500 PK NM small distribution volume, smaller in females than in males [261] 
actinomycin-D PK NM model development and simulation to optimize trial design [262] 
    

See footer of Table 1. 
 
 
 
Table 6. Population models of endocrine agents 

Anticancer drug Model type Description Ref 
Antiestrogens    
arzoxifene PK NM phase II data were pooled, PK model not specified [263] 
Aromatase inhibitors    
liarozole PK NM PK at steady state, CL/F co-varied with BSA and age [264] 
vorozole PK NM covariate analysis, CL/F ratio patients/healthy volunteers 

0.56 
[265] 

Gonadotrophin-releasing hormone agonists  
triptorelin PKPD NM degarelix / triptorelin -LH-testosterone PKPD  [33] 
Gonadotrophin-releasing hormone antagonists  
degarelix PK NM mechanism-based subcutaneous depot model [266] 
 PKPD NM 

and NLME 
degarelix-testosterone PKPD [267] 

 PKPD NM mechanism-based model, degarelix-LH-testosterone PKPD [32] 
 PKPD NM degarelix / triptorelin -LH-testosterone PKPD  [33] 

See footer of Table 1. 
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Table 7. Population models of small molecule signal transduction inhibitors 
Anticancer drug Model type Description Ref 
Tyrosine kinase inhibitors   
imatinib mesylate PK NM insignificant increase of CL (33%) after 12 months exposure [268] 
 PK NM TDM seems feasible, AAG has large impact on PK [269] 
 PK NM blood distribution important, CL co-varied with Hb and WBC [270] 
 PK NS population PK analysis included in phase III [271] 
 PK NM total and intracellular conc. CL co-varied with AAG [272] 
gefitinib PK NM CL/F correlated with midazolam CL asCYP3A4 model substrate [273] 
erlotinib PK NM CL/F co-varied with BIL and AAG, AUC correlated with rash  [274] 
Cyclin-dependent kinase inhibitors  
indisulam PK NM PK model, saturable elimination and distribution [45] 
 PK NM physiological PK model, saturable binding and elimination [275] 
 PK NM optimal sampling strategies for two administration regimens [276] 
 PK NM application of [45], drug-drug interaction with capecitabine [59] 
 PK NM application of [45], no PK interaction with carboplatin [277] 
 PKPD NM semi-physiological model of neutropenia and thrombopenia [24] 
 PKPD NM CYP2C mutations affect PK and risk of severe neutropenia [55] 
 PKPD NM indisulam-capecitabine regimen, interaction and neutropenia [26] 
mTOR antagonists   
temsirolimus PK NM temsirolimus and sirolimus, AUC correlated with RNA transcripts  

of potential biomarkers in PBMCs  
[278] 

Farnesyl transferase inhibitors   
tipifarnib PK NM PK model and covariate analysis, large population (n=1083) [279] 
 PK NM no relevant pharmacogenetic effect of CYP2D6 mutations [280] 
    

See footer of Table 1. 
 
 
 
Table 8. Population models of immunotherapies 

Anticancer 
drug 

Model type Description Ref 

Monoclonal antibodies   
trastuzumab PK NM large IIV CL (43%), half-life 28.5 days [35] 
matuzumab PK NM linear and non-linear elimination, half-life 1.35-10.5 days [281] 
bevacizumab PK NM CL and V co-varied with sex and WT, half-life 19-20 days [282] 
131I-mMAb F19 PK NM large IIV CL (54%), no covariates, half-life 1.6 days [283] 
186Re-cMAb U36 PK NPEM optimal sampling strategy to predict PK and myelotoxicity [284] 
sibrotuzumab PK NM WT-based dosing strategy seems feasible, half-life 11 days [44] 
pertuzumab PK NM fixed dosing seems feasible, half-life 17.2 days [48] 
Immunostimulants   
KRN7000 PK NM PK parameters did not co-vary with BSA or WT [285] 
levamisole PK NM no impact of 5-FU on levamisole PK, large IIV levamisole [286] 
Immunosuppressants   
mitoxantrone PK ELS mitoxantrone CL decreased by 42% due to cyclosporin [235] 
 PK NM CL was decreased in combination with valspodar (-59%) [232] 
 PK NM three-compartment PK model of mitoxantrone [287] 
prednisolone PK 

WinNonMix 
BSA-based dosing seems feasible in childhood ALL, saturable 
protein binding 

[288] 

    
See footer of Table 1. 
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Table 9. Population models of miscellaneous anticancer drugs 
Anticancer drug Model 

type 
Description Ref 

Polyamine synthesis inhibitors   
SAM486A PK NM AUC and time above threshold are related to neutropenia [289] 
Transcription targeted agents   
trabectedin PK NM optimal sampling strategy, 3 samples, D-optimality algorithm [290] 
 PKPD NM semi-phys. model of neutropenia, drug effect: Hill function   [23] 
 PK NM large IIV (CL 110%), CL co-varied with BSA [291] 
Mevalonate/isoprenoid pathway inhibitors  
apomine PK NM auto-induction, absorption saturable and dependent of food  [292] 
Heat shock protein inhibitors   
17-(allylamino)-17-
demethoxygeldanamy
cin 
(17-AAG) 

PK NM model of 17-AAG and 17-AG, BSA-based dosing not required [43] 

Angiogenesis inhibitors   
suramin PK IT2S optimal sampling strategy for TDM [293] 
 PK IT2S three-compartment model, long half-life, moderate IIV [294] 
 PK IT2S development and evaluation of fixed dosage regimen [295] 
 PK NM PK-neurotoxicity relation motivates Bayesian TDM approach [296] 
 PK IT2S furosemide decreases suramin CL, dose reduction required [297] 
 PK MAP PK guided dosing results in fewer neuropathy [298] 
thalidomide PK NM low IIV and IOV of CL, CL independent of renal function [299] 
Redox mediators    
motexafin gadolinium PK NM plasma CL co-varied with age, sex, AP, Hb, SCr, phenytoin [300] 
Hydrolases    
asparaginase PKPD NM integrated model of enzyme activity and asparagine conc. [301] 
 PKPD NM simulation study using [301] to evaluate various formulations [302] 
 PKPD NM application of [301] to verify the role of glutamine deamination [303] 
 PKPD NM administration schedules of 3 formulations for future trials [38] 
 PK NM PK model pegylated asparaginase, CL increased with time [304] 
Retinoids    
isotretinoin PK NM pediatric study, capsule mixed with food: 2-fold higher AUC  [305] 
    
Rooperol analogues    
hypoxoside PK NM large IIV of PK of metabolite glucuronide-sulphate rooperol [306] 
    
Photodynamic agents    
2-[1-hexyloxyethyl]-2-
devinyl 
pyropheophorbide-a 

PK 
NLMIXED 

CL increased with age, no obvious relationship between PK and 
skin response to solar simulator light 

[307] 

    
See footer of Table 1. 
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 8. Recommendations and future perspectives 

Anticancer agents generally have a small therapeutic window. In addition, drug-related 
toxicity and antitumor efficacy show wide variability between patients. Optimization and 
individualization of treatment regimens are therefore of importance for anticancer agents. 
Population analyses and Bayesian methods may support optimization of drug exposure and 
have therefore particularly been useful in the field of clinical oncology.  
The rapid development of sophisticated modeling and simulation tools has enabled the 
analysis of data in complex situations. Population techniques have advantages over 
standard methods, not only for analyzing rich data collected in an experimental setting but 
also for sparse data from a routine clinical setting. Dose individualization based on a priori 
patient characteristics or based on posterior estimates of pharmacokinetic parameters may 
be valuable for treatment optimization in clinical practice, although only few examples have 
been implemented yet. 
Population modeling has been widely used to assess the pharmacokinetics of anticancer 
agents. Relationships between pharmacokinetics and pharmacodynamics have been defined 
in a more limited but increasing number of population analyses. Models of hematological 
toxicity have been developed for multiple anticancer agents to describe a continuous 
pharmacodynamic parameter (e.g. time profiles of blood cell counts) after chemotherapy. 
Conversely, categorical parameters describing toxicity or efficacy have not been frequently 
analysed, because large data sets are needed due to sparse assessments and wide 
interobserver variability. An additional complexity is imposed if the pharmacodynamic 
parameter of interest is related to cumulative drug exposure. New advances in population 
PK-PD modeling may facilitate the analysis of categorical and cumulative 
pharmacodynamic data. 
Empirical population models can be used to accurately describe the pharmacokinetic 
characteristics of a drug. Physiological or mechanistic models may, however, have 
advantages over empirical models, since mechanistic modeling may support the 
development of more rational pharmacokinetic–pharmacodynamic relationships. In 
addition, treatment optimization in clinical practice may be enhanced because mechanistic 
models can be used for simulations to explore alternative treatment regimens or dose 
adjustments that have not so far been evaluated in clinical studies. Nevertheless, it is 
preferable that a final clinical study can be performed to validate the outcome of these 
explorations. 
In many population analyses of anticancer drugs, pharmacokinetic parameters have been 
estimated and covariate relationships have been identified. Adequate description of 
pharmacokinetic profiles is, however, not necessarily the ultimate goal of a pharmacokinetic 
study. To make optimal use of the population approach, models can be used to optimize 
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treatment on the population level (optimization of administration regimens) or on the 
individual level (covariate-based dosing or therapeutic drug monitoring). In this manner, 
the parameter estimates of a population model can be converted into a recommendation for 
optimization of drug therapy.  
In conclusion, the population approach can yield important information for treatment 
optimization in clinical oncology, where treatment is a delicate balance between efficacy and 
tolerability. 
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Abstract 

The anti-cancer agent indisulam has a non-linear pharmacokinetic profile, which may be 
partly related to saturable binding to blood constituents. To gain insight into the complex 
non-linear behavior of indisulam, we investigated binding to plasma proteins and 
erythrocytes. The purpose of the study was to develop a physiological model for the 
distribution of indisulam in blood. Concentrations of radio-labeled indisulam were 
measured in vitro 1) in total plasma and in ultrafiltrate to investigate plasma protein 
binding, 2) in erythrocytes and in plasma to investigate distribution to erythrocytes, 3) in 
erythrocyte membranes to investigate non-specific binding in erythrocytes. For in vivo 
assessment, 21 patients received 400-900mg/m2 indisulam in a 1- or 2-hour infusion. Total 
and free concentrations in plasma and concentrations in erythrocytes were determined at 
multiple time points. In vitro plasma protein binding was described by a Langmuir model 
with a maximal binding capacity (Bmax= 767 μM) and an equilibrium dissociation constant 
(KD=1.02 μM). The maximal capacity of plasma protein binding in vivo corresponded to 
albumin levels. The bound concentration in erythrocytes was described by a two site model, 
comprising a saturable and a nonspecific binding component. The saturable component 
(Bmax=174 μM) may correspond to binding to carbonic anhydrase. The physiological model 
adequately described the non-linear disposition of indisulam in whole blood. Indisulam was 
bound to plasma proteins and distributed to erythrocytes in a saturable manner. These 
saturable processes may be attributed to binding to albumin (in plasma) and to carbonic 
anhydrase (in erythrocytes). 
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Introduction 

Indisulam (N-(3-chloro-7-indolyl)-1,4-benzenedisulfonamide, E7070) is a synthetic 
sulfonamide derivative, which is being developed as an anti-cancer agent. The compound 
has anti-tumor activity in vitro and in vivo against a wide variety of human tumor cell lines 
and xenografts.[1] In the A549 human non-small cell lung cancer cell line, treatment with 
indisulam leads to disruption of the cell cycle progression in the G1/S boundary 
accompanied by hypophosphorylation of the retinoblastoma protein and a reduction in the 
expression of cyclins A, B1 and cyclin-dependent kinase 2. Indisulam was also associated 
with upregulation of p53 and p21 and subsequent apoptosis.[2] As shown by recent studies, 
indisulam is a potent inhibitor of cellular dehydrogenases. Hence, downstream events such 
as G1/S arrest and cell death are likely to occur due to interference with the malate-aspartate 
shuttle, glycolysis and gluconeogenesis.[3] The precise mechanism of action remains, 
however, under investigation. 
In a phase I clinical program, indisulam was administered in four different treatment 
schedules (single 1-hour infusion every 3 weeks [4], daily times 5 1-hour infusion every 3 
weeks [5], weekly times 4 1-hour infusion every 6 weeks [6], continuous infusion over 5 
days every 3 weeks [7]). Phase II clinical studies are currently ongoing to evaluate the 
efficacy of indisulam as a single agent and in combination with standard therapies. 
Indisulam had moderate single agent anti-tumor activity in patients with colorectal cancer, 
metastatic breast cancer, head and neck cancer, non-small cell lung cancer, renal cell cancer 
or metastatic melanoma who did not respond to previous chemotherapy.[8-13] 
The pharmacokinetic profile of indisulam is highly non-linear, characterized by increasing 
clearance with decreasing plasma concentration. Systemic exposure (expressed as the area 
under the plasma concentration versus time curve) has been shown to increase 
disproportionately with dose in four phase I studies.[4-7] 
A population pharmacokinetic model has been developed previously.[14] This empirical 
model comprised saturable distribution and two elimination pathways: a linear pathway 
and a saturable pathway. It adequately described the individual pharmacokinetic profiles 
for all four treatment schedules tested in phase I. It has been postulated that metabolic 
products of indisulam may be formed through saturable enzymatic processes, which may 
underlie the saturable elimination pathway.[14] Furthermore, it has been suggested that the 
saturable distribution pathway may be related to distribution to erythrocytes.[14] This latter 
hypothesis was supported by the results of an in vitro pharmacokinetic study, which 
demonstrated that the partition coefficient between erythrocytes and plasma of indisulam 
decreases with increasing incubation concentration.[15] However, conclusive physiological 
explanations for the observed non-linear pharmacokinetic processes have not been given 
yet.  
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Reversible neutropenia and thrombocytopenia were the major and dose-limiting toxicities of 
indisulam.[4-7] It has clearly been demonstrated that hematological toxicity is related to the 
exposure to indisulam.[16] The non-linear pharmacokinetics of this drug may be an 
important factor in the observed variability in pharmacokinetics and hematological toxicity. 
Therefore, we considered it of crucial importance to characterize the non-linear properties of 
this drug. The objective of the current study was to develop a non-dynamic physiological 
model to describe the in vitro distribution of indisulam in whole blood. This was identified 
as an important step for the full elucidation of the non-linear pharmacokinetic profile of 
indisulam.  
  

Materials and methods 

Three in vitro experiments were conducted to investigate plasma protein binding (exp. 1), 
uptake in erythrocytes (exp. 2) and non-specific binding to erythrocyte membranes (exp. 3). 
The combined results were used to define a physiological model for the distribution of 
indisulam in vitro in whole blood. Plasma protein binding and uptake in erythrocytes were 
also assessed in a clinical study. In vivo applicability of the model was evaluated using data 
from 21 patients. 
In all in vitro experiments, carbon-14 (14C-) radio-labeled indisulam (Amersham Pharmacia 
Biotech UK Ltd., Buckinghamshire, UK) was used and concentrations of 14C-indisulam were 
measured using liquid scintillation counting. The concentration ranges used for the in vitro 
experiments corresponded to clinically observed plasma concentrations of indisulam. 
 
In vitro plasma protein binding (exp. 1) 
Total and free plasma concentrations of 14C-indisulam in plasma were measured in vitro, at 6 
concentration levels in triplicate. The difference between total and free concentrations 
corresponded to the concentration of 14C-indisulam bound to plasma proteins. The 
relationship between the free plasma concentration (Cfree) and the protein bound fraction 
(Cbound) of indisulam was examined. 
Fresh whole blood samples from 3 male healthy volunteers were collected from an 
antecubital vein into heparinized tubes. Blood samples were centrifuged at 3000 rpm for 10 
minutes, at 4°C to obtain plasma. A 52 mM stock solution of 14C-indisulam in DMSO 
(radiochemical purity 97.5-98.1%) was prepared. This was diluted with DMSO to obtain 14C-
indisulam working solutions of 0.26, 0.52, 5.2, 13, 26 and 39 mM. Five μL of 14C-indisulam 
DMSO working solutions of 0.26, 0.52, 5.2, 13, 26, 39 and 52 mM were added to 0.495 ml of 
human plasma (final drug concentrations: 0.26, 0.52, 5.2, 13, 26, 39 and 52 μM). For a control 
sample, 5 μl of 14C-indisulam DMSO solution (0.26 mM) were added to 0.495 ml of 
phosphate buffered saline (pH=7.4, PBS) and mixed (final concentration: 2.6 μM, which was 
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expected to be in the range of free drug concentrations in the plasma samples). Equilibrium 
dialysis was performed in 1 ml modules (Yazawa Kagaku Co. Ltd.,Tokyo, Japan) fitted with 
Seamless Cellulose Tubing (UC20-32-100, Size: 20/32) with a molecular weight cut off of 
12000~14000 dalton (Sanko Junyaku Co. Ltd., Tokyo, Japan). Each sample (0.5 ml) was 
equilibrated against 0.5 ml of PBS at room temperature for 24 hours. Plasma and PBS were 
sampled from each side of the cell to determine radioactivity of 14C-indisulam in each matrix 
using the Liquid Scintillation Analyzer LSA-2700TR (Packard Co., Ltd., Tokyo, Japan). Fifty 
μl plasma were dissolved in 1 ml of a solution containing tissue solubilizer Soluene-350 
(Packard, Meriden, USA) and 2-propanol (1:1). After storage for a day at room 
temperature,15 ml of hydrophilic scintillator (Instagel, Packard, Meriden, USA) containing 
10% 0.5 M HCl (v/v) were added to the sample and radioactivity was measured. To 50 μl of 
PBS, 15 ml of hydrophilic scintillator (ACS II, Amersham) were directly added and 
radioactivity was measured. 
 
In vitro distribution to erythrocytes (exp. 2) 
The uptake of indisulam in erythrocytes was studied at various incubation times and at 
various concentrations as previously described in detail by Van den Bongard et al.[15] 
Concentrations of indisulam were measured in plasma and in erythrocytes. The fraction of 
indisulam in erythrocytes versus the total incubation concentration was investigated. For 
implementation in a physiological distribution model, the relationship between the free 
concentration (calculated from the total plasma concentration, using the data from exp. 1) 
and the concentration of indisulam bound to erythrocytes was established in the current 
analysis. 
In brief, whole blood from healthy volunteers was incubated at 37°C with 14C-indisulam at a 
final concentration of 518 μM (n=6). Samples were taken immediately after the addition of 
14C-indisulam, at 10 and 30 minutes and at 1, 2, 3, 4, 5, 6, 7, 8 and 25 hours after the addition 
of 14C-indisulam. Another series of whole blood samples was incubated at 37°C with 14C-
indisulam at concentrations of 10.4, 51.8, 130, 259, 389, 518 μM (n=3) during 2 hours. After 
centrifugation, plasma (50 μl) and erythrocytes were isolated from all samples. Erythrocytes 
(200 μl) were washed with ice-cold isotonic PBS and were dissolved and decolorized using 
SolvableTM (Packard, Groningen, The Netherlands) (1 ml), 0.1M EDTA (100 μl) and 
hydrogen peroxide (500 μl). Both plasma and erythrocyte samples were mixed with 10 ml of 
Ultima Gold cocktail (Packard, Meriden, USA) and the detection of beta radiation was 
performed by a liquid scintillation counter (Tri-CARB 2100 CA) (Packard, Meriden, 
USA).[15] 
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In vitro binding to erythrocyte membranes (exp.3) 
This experiment was conducted to investigate binding of indisulam to erythrocyte 
membranes and to quantify the attribution of this process to total uptake in erythrocytes. 
For this objective, both the total concentration in erythrocytes and the membrane bound 
concentration were measured. Whole blood samples from 3 male healthy volunteers were 
collected from an antecubital vein into heparinized tubes. Unlabeled indisulam (Eisai Co., 
Ltd., Kashima, Japan) and 14C-indisulam (9:1) were dissolved in DMSO to obtain a 259 mM 
stock solution (radiochemical purity: 97.57–99.23%). The stock solution was diluted with 
DMSO in order to obtain working solutions of 2.6 and 26 mM. Five μl of indisulam solution 
(concentration 2.6, 26 and 259 mM) were added to 4.995 ml of whole blood of each volunteer 
and mixed (final concentration 2.6, 26 and 259 μM). Blood was incubated at 37°C in a water 
bath and samples of 2 ml were taken after 5 minutes and 6 hours incubation. Blood samples 
were immediately centrifuged at 3,000 rpm for 10 minutes at 4°C. Erythrocytes were washed 
twice with 4 ml of ice-cold saline and centrifuged at 2,000 rpm for 3 minutes at 4°C.  
Twenty μl of washed erythrocytes were collected for measurement of the total erythrocyte 
concentration of indisulam. To 100 μl of erythrocytes, 0.8 ml distilled water was added for 
hemolysis. After vigorous shaking, the suspension was centrifuged at 20,000 rpm for 20 
minutes at 4°C (TL-100,100.3, Beckmann). The pellet (erythrocyte membrane) was washed 
with 1 ml of distilled water and then centrifuged at 20,000 rpm for 20 minutes at 4°C (TL-
100,100.3, Beckmann). The erythrocyte membranes were dissolved in 1 ml of a solution 
containing tissue solubilizer Soluene-350 (Packard, Meriden, USA) and 2-propanol (1:1). 
Radioactivity was determined in triplicate samples of erythrocytes and erythrocyte 
membranes of each concentration and sampling time. In addition, radioactivity was 
measured in supernatant fractions, which were separated from the membranes. All samples 
were decolorized by the addition of 200 μl of 30% hydrogen peroxide. After storage for a 
day at room temperature, 15 ml of a hydrophilic scintillator (Instagel, Packard) containing 
10% 0.5 mol/L HCl (v/v) were added, and the radioactivity was measured using the Liquid 
Scintillation Analyzer LSA-2700TR (Packard Co., Ltd., Tokyo, Japan).  
 
In vivo blood distribution 
As the final model should essentially describe the in vivo blood distribution of indisulam, 
binding to plasma protein and uptake in erythrocytes was assessed in patients. 
Pharmacokinetic data were obtained from a phase I dose-escalation study in Japanese 
patients.[17] This study was performed after a larger phase I program in Caucasian patients 
had been finalized. The study was reviewed by the Medical Ethics Committee of the 
National Cancer Center Hospital in Tokyo (Japan) and was performed in accordance with 
the Declaration of Helsinki.[18] All 21 eligible patients gave written informed consent prior 
to inclusion in the study. Indisulam was administered at 5 different dose levels (400 (n=3), 
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600 (n=3), 700 (n=6), 800 (n=6) and 900 (n=3) mg/m2). The lower doses (400 and 600 mg/m2) 
were administered as 1-hour infusions and the higher doses as 2-hour infusions. 
Pharmacokinetic assessment was performed according to a full sampling schedule. Total 
plasma concentrations and concentrations in erythrocytes of indisulam were measured in 
whole blood samples taken at 30 minutes after the start of infusion, at 0, 10 and 30 minutes 
after the end of infusion and at 1, 2, 4, 6, 10, 24, 48, 72, 96, 120, 168 and 240 hours after the 
end of infusion. From each patient, two additional samples were taken at the end of infusion 
and at 1 hour after the end of infusion for measurement of total and free plasma 
concentrations of indisulam. Whole blood samples were centrifuged at 3000 rpm for 10 
minutes at 5°C. Plasma samples were transferred to a glass tube (0.50 ml) and to 
ultrafiltration devices (Centrifree) (Amicon Corporation, Danvers, USA) (0.95 ml). In order 
to obtain 0.50 ml of ultrafiltrate, samples were ultracentrifuged at 1670 g for 20-45 minutes. 
Plasma ultrafiltrate samples were transferred to a plastic vial (0.50 ml). Phosphate buffer (1.0 
ml, 0.1 M, pH 6.8) was added to the plasma and plasma ultrafiltrate samples. Erythrocytes 
(0.50 ml) were frozen in methanol for 10 minutes and thawed at room temperature for 10 
minutes. This freeze-thaw cycle was performed three times. Boric acid buffer (2.0 ml, 0.6 M, 
pH 6.8) was added and the mixture was boiled for 1 minute. Indisulam was extracted using 
ethylacetate. After centrifugation, the organic layer was transferred into a glass tube and 
evaporated under nitrogen. Samples were reconstituted in 0.20 ml of CH3CN / phosphate 
buffer (6.7 mM, pH 6.6) (360:640 v:v). The concentration of indisulam was measured by high 
pressure liquid chromatography with UV detection.[17] The method was linear between 
0.052 μM and 130 μM and the assay accuracy and precision were <15.5%. N-(3-chloro-7-
indolyl)-4-(N-methylsulfamoyl)benzenesulfonamide (ER-67771) was used as an internal 
standard.[19] 
 
Data analysis 
Data were analyzed using the NONMEM program (version V, level 1.1) (GloboMax LLC, 
Hanover, USA).[20] The First-Order Conditional Estimation (FOCE) method with 
interaction between interindividual, intraindividual and residual variability was applied. 
PDx-Pop (version 1.1j release 4) (GloboMax LLC, Hanover, USA) was used as an interface 
for data and output processing and for modeling management. The adequacy of the models 
was evaluated by graphical plots of observed versus model predicted concentrations and 
bound concentrations versus free concentrations (overlay of observed and model predicted 
values). Statistical discrimination between hierarchical models was based on the log-
likelihood ratio test.  
Results from in vitro studies were analyzed to define a model for distribution of indisulam 
in whole blood, comprising plasma protein binding and binding of indisulam to 
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erythrocytes. For both of these components, models for linear binding kinetics (Equation 1) 
and models for saturable binding equilibriums (Equation 2) were tested.   
 
Cbound=N ∙ Cfree                   (Eq.1) 
Cbound=Bmax ∙ Cfree/(Cfree+KD)                                 (Eq.2) 
 
In these equations, N is the non-specific binding constant, Bmax corresponds to the maximal 
binding capacity and KD is equilibrium dissociation constant. If the free concentration is 
equal to KD, the bound concentration is half-maximal.  
The physiological model was developed to describe the in vitro distribution in whole blood 
under equilibrium conditions. It was assumed that binding between indisulam and protein 
binding sites occurred instantaneously. Thus, the fractions bound and free indisulam within 
plasma and within erythrocytes were assumed to be in equilibrium at any moment. Free 
concentrations in plasma and in erythrocytes were not in equilibrium at any time, as 
distribution to erythrocytes was shown to be time dependent previously. Van den Bongard 
et al. have demonstrated that equilibrium was reached after 2 hours of incubation in 
vitro.[15] Therefore, only results obtained after incubation for 2 hours or longer were 
considered in the current analysis.  
Model development was conducted in a step-wise approach. Initially, a relationship 
between free plasma concentrations and protein bound plasma concentrations was 
established. Data from experiment 1 were used for this analysis. Measurement of free 
plasma concentrations was not performed in experiments 2 and 3. Therefore, the protein 
binding model was subsequently applied to total plasma concentrations that were measured 
in experiments 2 and 3 to calculate free plasma concentrations. In vitro, free concentrations 
in the liquid interior of erythrocytes were assumed to be equal to calculated free plasma 
concentrations. This may be reasonable because equilibrium conditions were ascertained. 
Finally, a model for binding of indisulam to erythrocytes was developed to describe the 
relationship between free and bound concentrations of indisulam in washed erythrocytes. 
Clinical data were used to evaluate the in vivo applicability of the non-dynamic 
physiological model. In vivo, steady state conditions did not apply and thus equilibrium 
conditions could not be fully guaranteed. However, interference by dynamic processes was 
minimized by selection of data measured after completion of indisulam infusion. 
Parameters describing the plasma protein binding of indisulam and its binding to 
erythrocytes were re-estimated with in vivo data.  
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Results 

Model development  
In vitro plasma protein binding 
In vitro protein binding results were included in the data analysis for concentration levels 52, 
130, 259, 389 and 518 μM only, as the free indisulam concentrations at incubation 
concentration 5.2 μM were below the lower limit of quantitation. Plasma protein binding of 
indisulam was high, varying from 99.6% to 99.9% in the concentration range 52-518 μM. The 
free fraction increased with increasing incubation concentration, which indicates that 
protein binding is saturable.  
In order to further investigate this observation, concentrations of protein bound indisulam 
(Cplasma bound) were calculated by subtracting free concentrations (Cplasma free) from total plasma 
concentrations (Cplasma total). The relationship between Cplasma bound and Cplasma free was best 
described by a saturable binding model (Equation 2). The maximal plasma protein binding 
capacity Bmax plasma was estimated to be 767 μM and binding was half-maximal at a free 
concentration of  1.02 μM (KD plasma, Table 1). Figure 1 shows that the concentrations 
observed in vitro were adequately described by the model.  
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Figure 1. Plot of protein bound versus free plasma concentrations of indisulam obtained from in vitro experiments 
(exp. 1). Both observed ( ) and model predicted concentrations (—) are depicted. 
 
Table 1. Parameter estimates for the model describing the in vitro blood distribution of indisulam. 
 Estimate (CV%1) IIV 
Bmax plasma 767 μM (2.2%) - 
KD plasma 1.02 μM (4.9%) - 
Bmax erythrocytes 174 μM (6.2%) 14% 
KD erythrocytes 0.0866 μM (9.0%) - 
N erythrocytes (non-specific binding) 7.4 (44%) - 

CV= coefficient of variance, IIV= interindividual variability 
1 obtained with the COVARIANCE option of NONMEM 
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Figure 2 represents the physiological model for the distribution of indisulam in whole 
blood. In vitro, free concentrations in erythrocytes (Cerythrocytes free) were assumed to be equal to 
free plasma concentrations (Cplasma free) and could be calculated from total plasma 
concentrations using Equation 3, which is a rearrangement of Equation 2 (with Bmax= 767 μM 
and KD=1.02 μM). 
 
Cfree= ½ ∙(((KD +Bmax -Cplasma total)2 + 4 ∙ KD ∙ Cplasma total)½-(KD + Bmax-Cplasma total))            (Eq.3) 
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Figure 2. Graphical representation of the physiological model of the blood distribution of indisulam. The compound is 
bound to plasma protein and distributed to erythrocytes. Bmax is the maximal binding capacity, KD is the equilibrium 
dissociation constant of the binding equilibrium and N is the non-specific binding constant. 
 
In vitro distribution to erythrocytes 
The combined results of in vitro experiments 2 (distribution to erythrocytes) and 3 (binding 
to erythrocyte membranes) were used to define the relationship between Cerythrocytes free and 
Cerythrocytes_bound. Rosenthal analysis revealed that binding comprised a saturable component. 
A single site saturable binding model was tested first. This model resulted in 
underestimation of Cerythrocytes bound in the higher concentration ranges and could thus not 
adequately describe the observed data. Binding of indisulam to erythrocyte membranes, 
which was interpreted as non-specific binding to erythrocytes, was 0.6% - 2.9% of the total 
concentration in erythrocytes. Non-specific binding was incorporated in the model by 
extending it to a two site binding model, comprising one class of saturable binding sites and 
one class of non-specific binding sites. This approach resulted in a statistically significant 
improvement of the model (P=0.0001). The relationship between Cerythrocytes bound and Cfree was 
well described by Equation 4, which was used to estimate Bmax_erythrocytes (174 μM), KD_erythrocytes 
(0.087 μM) and the non-specific binding coefficient Nerythrocytes (7.4) (Table 1).  
 
Cerythrocytes bound = Bmax ∙ Cfree/(Cfree+KD)+N ∙ Cfree                (Eq.4) 
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The precision the estimation of the model parameters (expressed as the coefficient of 
variance, Table 1) was moderate for Nerythrocytes and good for all other parameters. 
As plasma was obtained from multiple volunteers, it was taken into account that the 
maximal binding capacity for binding of indisulam to erythrocytes could differ from one 
volunteer to another. Interindividual variability (IIV) of Bmax erythrocytes was estimated to be 
14%. The model adequately described the observations (Figure 3). 
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Figure 3.  Concentrations of indisulam bound to erythrocytes versus free plasma concentrations in vitro. Observed 
values ( ) corresponded well to individual predicted values ( ). Binding becomes partially saturated at higher 
concentrations, but remains to slightly increase due to a non-specific binding component. 
 
Application to in vivo data 
In total, 350 samples were taken from 21 patients for the in vivo assessment of the blood 
distribution of indisulam. Samples taken during infusion (n=21) were excluded from data 
analysis (see Data Analysis in the Materials and Methods section). 
 
In vivo plasma protein binding 
The model developed with in vitro data, could describe the corresponding results from the 
in vivo study reasonably well (Figure 4A). The fit between observed data from the in vivo 
study and the model significantly improved upon addition of the individual albumin level 
(ALB (μM)) as a covariate for Bmax plasma. This important finding indicates that the albumin 
level of an individual patient may be predictive for the pharmacokinetic behavior of 
indisulam in that particular individual. 
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Figure 4.  Observed protein bound versus free plasma concentrations of indisulam ( ) obtained from in vivo 
experiments. A: The model derived from in vitro results ( — ) described the corresponding in vivo results reasonably 
well. B: Inclusion of the albumin plasma concentration as a covariate for the maximal binding capacity resulted in an 
improved model ( ). 
 
In Equation 5, the number of binding sites per albumin molecule is represented by n. 
 
Cbound=ALB ∙ n ∙ Cfree/(Cfree+KD plasma)                 (Eq.5) 
 
The number of binding sites was not statistically significantly different from 1 and n was 
consequently fixed at 1. Using in vivo results only, KD plasma was re-estimated to be 0.65 μM 
(Table 2). This adjusted model for plasma protein binding described the in vivo observations 
very well (Figure 4B). 
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Figure 5.  Concentrations of indisulam bound to erythrocytes versus free plasma concentrations in vivo. Individual 
predicted values from the two site binding model ( ) corresponded well to the observed values ( ). 
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In vivo distribution to erythrocytes 
In 287 of 329 available samples, total plasma concentrations and concentrations in washed 
erythrocytes were measured. Free concentrations in plasma were calculated using Equation 
5. The model for in vitro distribution to erythrocytes did not correctly describe the results 
from the clinical study. However, when the parameters describing the uptake in 
erythrocytes were re-estimated using the in vivo data, the two site binding model proved to 
be adequate (Figure 5).  
Table 2 lists the parameter values after re-estimation using in vivo data from 21 patients. All 
parameters were precisely estimated. The non-specific binding coefficient Nerythrocytes was 
estimated to be higher in vivo than in vitro (70.1 vs. 7.4) and the equilibrium dissociation 
constant KD erythrocytes was lower in vivo than in vitro (0.00379 μM vs. 0.087 μM). Other in vivo 
parameter estimates corresponded well to the in vitro model. 
Figure 6 shows the non-linear time profile of the total plasma concentration of indisulam of 
a patient who received a 1-hour infusion of 1000 mg/m2. Saturation of binding to plasma 
proteins and erythrocytes occurred within the therapeutic concentration range.  
 
Table 2. Parameter estimates for the model describing the in vivo blood distribution of indisulam. 
 Estimate (CV%1) IIV 
Bmax plasma [albumin] (μM) - - 
KD plasma 0.65 μM (4.6%) - 
Bmax erythrocytes 146 μM (3.9%) 17.5% 
KD erythrocytes 0.00379 μM (4.3%) - 
N erythrocytes (non-specific binding) 70.1 (8.4%) - 

CV= coefficient of variance, IIV= interindividual variability 
1 obtained with the COVARIANCE option of NONMEM 
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Figure 6. Plasma concentration versus time profile of an individual Caucasian patient after administration of 1000 
mg/m2 indisulam in a 1-hour infusion. The pharmacokinetic profile is profoundly non-linear. The concentrations at 
which the binding of indisulam to plasma proteins and erythrocytes are half-maximal, are within the therapeutic 
concentration range.  
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The concentrations at which the binding of indisulam to plasma proteins and erythrocytes 
were half-maximal, are depicted in Figure 6. At a total plasma concentration of 300 μM, the 
free plasma concentration was 0.65 μM and plasma protein binding was half-maximal. At a 
total plasma concentration of 3.5 μM, the free plasma concentration was 0.004 μM and 
erythrocyte binding was half-maximal. 
 

Discussion and conclusion 

A physiological model for the distribution of indisulam in whole blood was successfully 
developed. We have demonstrated  that indisulam binds to plasma proteins and to 
erythrocytes in a saturable manner, which may be attributed to binding to albumin (in 
plasma) and to carbonic anhydrase (in erythrocytes).  
In a previous study, protein binding of indisulam was reported to be high (98-99%) and no 
saturation in the concentration range 52-518 μM could be demonstrated. However, in that 
study the precision was insufficient (standard deviation was 0.05-0.66% vs. 0.006-0.027% in 
the current experiment) to entirely preclude saturation of protein binding.[15] The currently 
presented in vitro and in vivo studies have clearly shown that plasma protein binding of 
indisulam is a saturable process. The maximal binding capacity was highly dependent on 
individual plasma albumin levels. Therefore, albumin may be the major plasma binding 
protein of indisulam in the concentration range studied. The albumin level of an individual 
may be predictive for the pharmacokinetic profile of indisulam. Hypo-albuminemia, which 
is common in cancer patients [21], may result in a reduction of albumin-bound indisulam 
concentrations and a consequent increase in free plasma concentrations. The clinical 
implications of this finding will need further investigation. In the current study, plasma 
protein binding in blood from cancer patients (in vivo) was lower than in blood from healthy 
volunteers (in vitro). This explains the bias in figure 4A: plasma protein binding in patients 
was underestimated by the in vitro model, which was based on data from healthy 
volunteers. The estimated 767 μM for Bmax (in vitro) corresponds to an albumin level of 50.6 
g/L, which is within the normal range for healthy male volunteers (34-54 g/L).[22]  
Not only binding to plasma proteins, but also binding to erythrocytes was shown to be 
saturable. As carbonic anhydrase is abundant in erythrocytes [23] and as indisulam is a 
potent inhibitor of this enzyme [24], it was hypothesized that binding to carbonic anhydrase 
I and II may explain the saturable character of distribution to erythrocytes. Binding 
parameters describing the distribution of indisulam to erythrocytes were in agreement with 
the total concentration of carbonic anhydrase I and II (CA I and CA II). For the structurally 
related carbonic anhydrase inhibitors acetazolamide, dorzolamide and para-iodo-benzene-
sulfonamide, maximal binding capacities for CA I and CA II in erythrocytes were 117-166 
µM and 16.1-19.9 µM respectively (total 133-186 µM).[25-27] The estimated 174 µM (in vitro) 
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and 146 µM (in vivo) values for indisulam correspond well to these previously reported 
concentrations.  
Binding of indisulam to erythrocytes was higher in vivo than in vitro. This may be due to 
differences in the binding affinity of indisulam related to different protein conformations in 
vivo and in vitro. Another explanation for the difference between the in vivo and in vitro 
erythrocyte binding parameters may be a potential pH gradient. Indisulam is a potent 
carbonic anhydrase inhibitor and can therefore cause an intracellular pH increase. As 
indisulam is an acid (pKa 7.01), a pH increase will result in a decrease of neutral indisulam 
molecules. As only neutral molecules can diffuse across the erythrocyte membrane, 
inhibition of carbonic anhydrase could cause the ratio between Cerythrocytes free and Cplasma free to 
increase. Consequently, the estimates of Nerythrocytes and KD erythrocytes for the in vivo distribution 
of indisulam may have been over- and underestimated, respectively. Finally, the differences 
in erythrocyte binding parameters between in vitro and in vivo conditions may be partially 
explained by the lack of steady state conditions. Due to relatively slow redistribution of 
indisulam from erythrocytes back to plasma, the ratio between Cerythrocytes free and Cplasma free 

may have been higher in vivo than in the closed in vitro system. Hence, the values of 
Nerythrocytes and KD erythrocytes may also have been over- and underestimated, respectively, to 
some extent due to the lack of steady state conditions. The observed ratios of Nerythrocytes and 
KD erythrocytes between in vitro and in vivo conditions were 0.11 and 23 respectively. As the 
observed differences were large, it is likely that changes in protein conformations and/or 
environmental differences between in vivo and in vitro conditions can not be ruled out by a 
potential lack of equilibrium.  
In conclusion, the blood distribution of indisulam in vivo and in vitro is highly determined 
by saturable processes. It is likely that these processes comprise binding to albumin (in 
plasma) and to carbonic anhydrase I and II (in erythrocytes). Saturable plasma protein 
binding may have impact on the higher ranges of the concentration-time profile of 
indisulam, while saturable erythrocyte binding may affect the terminal elimination phase. 
The saturable character of plasma protein binding and distribution to erythrocytes may thus 
provide a partial explanation for the non-linearity in the pharmacokinetic profile. However, 
in vivo, indisulam is not only distributed within the blood compartment, but to other body 
fluids and tissues as well. Furthermore, indisulam is continuously metabolized and 
eliminated from the body. As distribution beyond the blood compartment and elimination 
are dynamic processes, it is essential to include the blood distribution in a physiological 
pharmacokinetic model, in order to fully understand the exceptional non-linear 
pharmacokinetic behavior of indisulam.   
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Abstract 

The pharmacokinetic profile of the anti-cancer agent indisulam is non-linear. In addition to 
non-linear clearance, this may partially be explained by saturable distribution to red blood 
cells and saturable plasma protein binding. The aims of this study were to develop a semi-
physiological population pharmacokinetic model of indisulam and to examine the impact of 
protein binding and distribution to red blood cells. Indisulam concentrations in plasma, 
plasma ultrafiltrate and in red blood cells from multiple phase I studies in Caucasian and 
Japanese patients were used to develop a pharmacokinetic model using NONMEM. This 
model comprised four physiological compartments: plasma, red blood cells, interstitial fluid 
and tissue. A simulation study was performed to examine the contribution of physiological 
processes in indisulam pharmacokinetics. Plasma albumin concentrations were predictive 
for the maximal protein binding capacity and considerably influenced total plasma 
concentrations of indisulam, whereas free plasma concentrations remained relatively 
unaffected. The maximal specific red blood cell binding capacity was 64.0 (±5.9) mg/L and 
corresponded to the typical red blood cell carbonic anhydrase concentration. Simulation 
studies demonstrated that the hematocrit does not have a clinically relevant impact on 
indisulam disposition. This semi-physiological model allowed adequate prediction of the 
time profiles of indisulam concentrations in all monitored compartments for a large range of 
dose levels and several treatment regimens. The model has elucidated the mechanism and 
the role of saturable plasma protein binding and saturable distribution to red blood cells in 
indisulam pharmacokinetics and provides a basis for rational PK-PD relationships.  
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Introduction 

Indisulam (N-(3-chloro-7-indolyl)-1,4-benzenedisulfonamide; GOAL, E7070 ) is a synthetic 
sulfonamide anticancer agent, currently in phase II clinical evaluation for the treatment of 
solid tumors. The compound has shown a wide range of anti-tumor activity in vitro and in 
vivo against human tumor xenografts.[1] Treatment with indisulam leads to an arrest at the 
G1/S boundary and to a reduction in the expression of cyclins A, B1 and cyclin dependent 
kinase 2.[2,3] It has also been associated with up regulation of p53 and p21 and subsequent 
apoptosis.[3] 
An extensive phase I clinical program has been conducted with indisulam administered at 
various dose levels in four different treatment schedules.[4-8] Reversible neutropenia and 
thrombocytopenia were predominant and were identified as dose-limiting toxicities. Several 
single agent phase II studies have been completed. Objective responses have been observed 
in pre-treated patients with colorectal cancer, metastatic breast cancer and renal cell 
cancer.[9-11] Therapy with indisulam is currently being evaluated in combination with 
irinotecan, capecitabine and carboplatin. 
The dose of indisulam is based on body surface area (BSA). The rationale of this dosing 
method has been demonstrated by us previously, using a population pharmacokinetic 
model and the combined results of four phase I studies in Caucasian patients.[12] Even 
though BSA-guided dosing markedly reduced differences between patients in AUC (area 
under the plasma concentration time curve), interindividual pharmacokinetic variability 
remained considerable. Therapy with indisulam may therefore be further optimized by the 
implementation of other covariate relationships. 
A previous analysis demonstrated that the pharmacokinetic profile of indisulam is 
markedly non-linear.[12] It has been postulated that formation of metabolites through 
saturable processes may provide an explanation for a non-linear elimination pathway and 
that saturable distribution of indisulam to red blood cells may account for the observed non-
linear distribution.[12] These physiological hypotheses have so far not been subject to 
further investigation. Recently, additional information regarding the blood distribution of 
indisulam has become available from a phase I study in Japanese patients.[13] Using 
pharmacokinetic data from this study, it was confirmed that binding of indisulam to plasma 
proteins and red blood cells are saturable processes, which were quantitatively described by 
a previously performed non-dynamic population analysis.[14] 
The aim of the current study was to develop a mechanistic population pharmacokinetic 
model for Caucasian and Japanese patients, which allows adequate prediction of the 
pharmacokinetic profile of indisulam and which provides a basis for rational 
pharmacokinetic-pharmacodynamic relationships. With this mechanistic model, indisulam 
pharmacokinetics can be described in various physiological compartments and is not 
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limited to plasma pharmacokinetics only. It also allows unraveling of various physiological 
processes and their contribution to the pharmacokinetics of indisulam. Simulations were 
performed to explore the impact of hematocrit and plasma albumin level on the disposition 
of indisulam. 
  

Methods 

Clinical studies 
Pharmacokinetic data from five previously performed phase I studies [4-7,13] were used for 
the current analysis. Table 1 lists the treatment schedules and dose ranges of these dose-
escalation studies, which have been conducted to evaluate four different dosage regimens, 
to select the maximum tolerated dose (MTD), to identify the dose-limiting toxicities (DLT) 
and to characterize the pharmacokinetic profile of indisulam. Four phase I EORTC trials 
were performed in a Caucasian population (n=143) [4-7] and the fifth clinical study was 
conducted in Japanese patients (n=21).[13]  
 
Table 1. Treatment schedules and dose ranges of clinical phase I studies.  

Study 
number 

Treatment schedule Frequency of 
cycles 

Dose range Patient 
population 

Ref. 

study 1 single 1-hour                  (Dx1) 
infusion 
 

every 3 weeks 50-1000 mg/m2 Caucasian [4] 

study 2 daily times 5                   (Dx5) 
1-hour infusion 
 

every 3 weeks 10-200 mg/m2/day Caucasian [5] 

study 3 weekly times 4              (Wx4) 
1-hour infusion 
 

every 6 weeks 40-500 mg/m2/week Caucasian [6] 

study 4 continuous infusion      (CIV) 
over 5 days 
 

every 3 weeks 6-200 mg/m2/day Caucasian [7] 

study 5 single 1-hour or             (Dx1)  
2-hour infusion 

every 3 weeks 400-900 mg/m2 Japanese [13] 

In the Japanese clinical study, the lower doses (400 and 600 mg/m2) were administered as 1-hour infusions and the  
higher doses (700, 800 and 900 mg/m2) as 2-hour infusions.  
 
Pharmacokinetic assessment 
Full pharmacokinetic sampling designs were applied to the first treatment cycles in all 
patients of studies 1-4. Total plasma concentrations of indisulam (CPL total) were monitored in 
143 Caucasian patients participating in the four EORTC studies as described in more detail 
by Van Kesteren et al.[12]. In study 5 in the Japanese patients, not only total plasma 
concentrations were measured, but also concentrations in plasma ultrafiltrate (CPL free) and 
red blood cell concentrations (CRBC) of indisulam. Total plasma concentrations and 
concentrations in red blood cells were measured in samples taken at 30 minutes after the 
start of infusion, at 0, 10 and 30 minutes after the end of infusion and at 1, 2, 4, 6, 10, 24, 48, 
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72, 96, 120, 168 and 240 hours after the end of infusion. From each patient, 2 additional 
samples were taken at the end of infusion and at one hour after the end of infusion for 
measurement of total and ultrafilterable plasma concentrations of indisulam.  
In both the EORTC studies and the Japanese trial, high performance liquid chromatography 
methods with UV detection were used for quantification of indisulam in plasma.[12,13]  The 
assays were validated for the concentration range 0.02 to 50 mg/L. Assay accuracy and 
precision were high (<18.8%).  
 
Physiological model 
The backbone of the mechanistic model consisted of four physiological compartments: 
plasma (PL), red blood cells (RBC), interstitial fluid (IF) and tissue (TIS). Estimated 
distribution volumes of three physiological compartments (plasma, red blood cells and 
interstitial fluid) were based on gender, body surface area (BSA), hematocrit and body 
weight as follows. The blood volume in liters (BL) of an individual is known to be correlated 
with BSA (m2) and was therefore estimated using Equation 1a and 1b.[15]  
 
BLmale=(3.29 ∙ BSA-1.229)                               (Eq.1a) 
BLfemale=(3.47 ∙ BSA-1.954)                                (Eq.1b) 
 
Table 2. Physiological compartments of the structural models tested. Each compartment may comprise multiple 
indisulam fractions.  
 Compartment  

 
Fraction Volume of 

distribution 
Additional comments Reference 

1 plasma free (1-HCT) ∙ BL   
2 plasma protein bound (1-HCT) ∙ BL   
3 red blood cells free HCT ∙ BL ∙ 63% cytosolic volume =  

63% of total cell volume 
[31] 

4 red blood cells bound, non-specific  HCT ∙ BL   
5 red blood cells bound, specific  HCT ∙ BL   
6 interstitial fluid free 9.0 ∙ WT/70 a  [16] 
7 interstitial fluid protein bound 9.0 ∙ WT/70 a [protein]IF= 

50% ∙ [protein]PL 

[16,23,24] 

8 tissue bound, non-specific 51 ∙ WT/70 b  [16] 
9 tissue bound, specific 51 ∙ WT/70 b  [16] 

HCT=hematocrit (v/v), BL=blood volume (L), WT=body weight (kg) 
a The interstitial fluid volume was calculated from the volumes (V) of the various organ systems and their 
corresponding fractional volumes of interstitial spaces (FVI). Interstitial fluid volume = (V∙FVI)lung + (V∙FVI)heart + 
(V∙FVI)kidney + (V∙FVI)bone + (V∙FVI)muscle + (V∙FVI)spleen + (V∙FVI)liver + (V∙FVI)gut + (V∙FVI)skin + (V∙FVI)fat + (V∙FVI)thymus = 9.0L.  
b Tissue volume was calculated from organ volumes minus volumes of vascular (FVV) and interstitial spaces. Tissue 
volume = Σ V ∙ (1-FVV-FVI) = 51 L. 
 
Hematocrit was measured in all patients and thus, the volumes of plasma and red blood 
cells could be calculated from hematocrit and blood volume. The volume of interstitial fluid 
was calculated from the volumes of the various organ systems and the corresponding 
fractions of interstitial spaces as reported by Kawai et al.[16] Organ volumes that were 
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neither classified as vascular volume nor as interstitial space were collectively identified as 
tissue volume. Both interstitial and tissue volumes were assumed to vary in proportion to 
body weight.[16] Table 2 lists the compartments of all structural models tested and the 
corresponding volumes of distribution. 
 
Computation 
The population pharmacokinetic analysis was performed using NONMEM (version V, level 
1.1) (GloboMax LLC, Hanover, MD, USA) [17]. The First Order (FO) method was used 
throughout to fit logarithmically transformed concentration time data. Model selection 
between hierarchical models was performed by the likelihood ratio test, using the objective 
function values (OFV), which are equal to minus twice the log-likelihood. A significance 
level of 0.001, corresponding to a difference in OFV of 10.8 (degrees of freedom=1), was used 
to distinguish between nested models. Data from both Japanese and Caucasian patients 
were analyzed simultaneously. Only data from the Japanese patient population, comprising 
measurements of indisulam concentrations in three different blood compartments, 
contained information to describe the blood distribution of indisulam. The suitability of the 
various population models to a large range of dose levels and different treatment regimens 
was assessed using plasma concentration time data from Caucasian patients. Goodness of fit 
plots, such as observed (DV) versus model predicted values (PRED), observed (DV) versus 
individual predicted values (IPRE) and weighted residual error (WRES) versus time plots 
were carefully evaluated. These plots were assessed in separate panels for each dependent 
variable (CPL total, CPL free, CRBC), each population (Japanese and Caucasian) and each treatment 
regimen (Dx1, Dx5, Wx4 and CIV).  
 
Covariate analysis 
Correlations between individual pharmacokinetic parameter estimates and various 
demographic, hematological and blood chemistry variables were investigated to identify 
relevant covariate relationships. Covariates were selected for testing if a correlation with the 
interindividual random effect of a pharmacokinetic parameter was demonstrated by visual 
inspection of the corresponding regression plots. A covariate was entered into the model 
when the OFV was significantly decreased upon introduction of the variable (ΔOFV<-10.8, 
p<0.001) and remained in the final model when the exclusion of the covariate caused a 
significant increase in OFV (ΔOFV>10.8, p<0.001). Both dichotomous (DI) and continuous 
(CO) variables were tested and the respective covariate relationships were defined 
according to Equation 2 and Equation 3 respectively. Dichotomous variables were either 0 or 
1. Ppop is the typical population value of parameter P and Pg corresponds to the typical value 
of P for the gth group of individuals with identical covariate values. The value of the 
covariate factor CF determines how strong P was influenced by the covariate.  
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Pg=Ppop ∙ CFDI g                      (Eq.2) 
                   
                        COg               CF    
Pg=Ppop ∙                    (Eq.3) 
                    median CO 
 
An evident dichotomous covariate in the current population pharmacokinetic analysis of 
indisulam was race. Differences between Caucasian and Japanese patients were considered 
with respect to tissue distribution and elimination. Distribution of indisulam in blood and 
interstitial fluid, however, was assumed to be identical in both populations, due to absence 
of red blood cell and free plasma concentration data of Caucasian patients.  
 
Random effect models 
Variances of random differences between individuals in each pharmacokinetic parameter 
were estimated using exponential models (Equation 4). In this equation, Pi represents the 
value of parameter P for the ith individual, Pg is the typical group value and η is the 
interindividual random effect with mean 0 and variance ω2. 
 
Pi=Pg ∙ eηi                               (Eq.4) 
 
Differences between observed and individual predicted concentrations, resulting from 
measurement error and model misspecification, were also regarded as random effects and 
were modeled as exponential errors using: 
 
ln(Cobs ij)=ln(Cpred ij)+εij                            (Eq.5) 
 
where ε is the residual error with mean 0 and variance σ2, representing the difference 
between the natural logarithm of the jth observed concentration in the ith individual 
(ln(Cobs_ij)) and its respective prediction (ln(Cpred ij)). 
 
Model evaluation 
Sensitivity tests were performed in order to verify the impact of predefined parameter 
values (i.e. the parameter values as outlined in Table 2) on pharmacokinetic parameter 
estimates and on the goodness of fit. The importance of each of the phase I studies in 
Caucasian patients for estimation of the pharmacokinetic parameters was assessed by the 
jack-knife method.[18] During this procedure, the final model was fitted to the population 



 
 
 
 
 
Chapter 2.2 

92 
 
 
 
 

lacking the data of one clinical study. This was repeated until every study had been 
excluded from the analysis. Covariate relationships were verified by likelihood profiling. 
 
Simulation study 
The physiological model was used to examine the impact of distribution to red blood cells 
and plasma protein binding on the disposition of indisulam. Simulations were performed to 
demonstrate how the disposition of indisulam was affected by clinically relevant decreases 
of hematocrit and plasma albumin levels. Changes in concentration-time profiles and AUC 
values in the various physiological compartments were assessed.  
  

Results 

Pharmacokinetic data 
Of 164 patients, 3661 total plasma concentrations, 42 free plasma concentrations and 308 red 
blood cell concentrations of indisulam were available for pharmacokinetic analysis. Figure 1 
shows typical concentration time profiles in these three matrices in a Japanese patient who 
was treated with a 1-hour infusion of 900 mg/m2 indisulam. This figure clearly demonstrates 
the profoundly non-linear pharmacokinetic profile of indisulam. 
 

0.1

1

10

100

0 5 10 15 20 25 30
Time (h)

C
on

ce
nt

ra
tio

n 
(m

g/
L)

_ 

0.1

1

10

100

0 100 200 300

Time (h)

C
on

ce
nt

ra
tio

n 
(m

g/
L)

 plasma, total
erythrocytes
plasma, free

     1015

Time (h)
 

Figure 1. Typical concentration time profiles in plasma (total and free concentrations) and in red blood cells for a 
Japanese patient who was treated with 900 mg/m2 indisulam administered in a 1-hour infusion. 
 
Figure 2 shows the final model which was developed to accurately describe the non-linear 
pharmacokinetic profile of indisulam in plasma and in red blood cells. In plasma, indisulam 
binds to plasma protein in a saturable manner. From plasma, the compound was distributed 
to red blood cells. From plasma, indisulam was also distributed to interstitial fluid, which 
was represented by an instantaneous equilibrium. Disposition of indisulam in tissue was 
modeled as a time dependent process and comprised both a saturable and a linear 
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component. Elimination was represented by a Michaelis Menten pathway and a first order 
elimination route.  
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Figure 2.  Structural physiological pharmacokinetic model for indisulam. Instantaneous equilibriums are depicted by 
solid arrows. Open arrows correspond to kinetic processes. Indisulam concentrations were monitored in the 
compartments indicated with a gray color. 
 
The time profiles of the amount of indisulam (A) in the physiological compartments were 
described by the differential equations 6 to 8.  
 
            dCPL                   dCIF                                                 CPL free                         
VPL ∙                + VIF ∙                 = – CL ∙ CPL free – Vmax ∙                              –           
             dt                        dt                                                CPL free + Km              
 
QPL-RBC ∙ CPL free + QPL-RBC ∙ CRBC free – QIF-TIS ∙ CIF free + QIF-TIS ∙ CTIS free              (Eq.6)        
 
 
             dCRBC    
VRBC  ∙                = QPL-RBC ∙ CPL free – QPL-RBC ∙ CRBC free               (Eq.7) 
               dt      
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              dCTIS      
VTIS ∙                         = QIF-TIS ∙ CIF free – QIF-TIS ∙ CTIS free               (Eq.8) 
                 dt     
 
The above mentioned pharmacokinetic processes are explained in more detail below. 
 
Plasma protein binding 
The concentration indisulam bound to plasma proteins (CPL bound) was represented by the 
difference between CPL total and CPL free. Models for nonspecific binding (Equation 9) and 
saturable Langmuir models (Equation 10) have been previously evaluated to describe the 
relationship between free and bound indisulam concentrations in plasma.[14] 
 
CPL bound =N ∙ CPL free                (Eq.9) 
                                      CPL free  
CPL bound = Bmax PL ∙                 (Eq.10) 
                                 CPL free+ KD PL      
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Figure 3.  Observed ( ) and model predicted (—) protein bound plasma concentrations versus free plasma 
concentrations of indisulam. Predicted concentrations were calculated using the Langmuir protein binding model 
(Cplasma bound = Bmax plasma ∙ Cplasma free / (Cplasma free + 0.25)) for a patient with median plasma albumin concentration (39 g/L). 
 
In these equations, N is a non-specific binding constant. Bmax corresponds to the maximal 
specific binding capacity and KD is the equilibrium dissociation constant of the binding 
equilibrium. It has been concluded that binding of indisulam to plasma protein can be 
described by Equation 10 in a non-dynamic model. [14]  In this previous analysis, Bmax PL 
corresponded to the plasma albumin concentration and KD PL was equal to 0.25 mg/L.[14] It 
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was demonstrated that the previously defined non-dynamic model for plasma protein 
binding of indisulam could also be adequately applied in the current dynamic model. Thus, 
the binding process was assumed to occur instantaneously. The relationship between the 
concentration indisulam bound to plasma proteins and the free plasma concentration is 
depicted in Figure 3. As the same data were used in the previous analysis and in the current 
study, Bmax PL and KD PL were not re-estimated.  
 
Distribution to red blood cells 
Van den Bongard et al. have demonstrated that distribution of indisulam to red blood cells 
occurred by passive diffusion and that the process was time dependent.[19] Influx of free 
indisulam from plasma into red blood cells was modeled as a first order process. The 
corresponding intercompartmental clearance was 4190 L/h. This seems to be a high value, 
but as only free indisulam was available for distribution, the apparent intercompartmental 
clearance was between 4.4 L/h and 27 L/h in the observed total plasma concentration range. 
From a previous study it was concluded that distribution of indisulam to red blood cells 
was partially saturable and that the compound probably binds to cytosolic carbonic 
anhydrases (isoforms I and II).[14]  As depicted in Figure 4 (upper left corner of the plot), 
high red blood cell concentrations were underestimated in a one site binding model with 
specific binding only (Bmax RBC=73.7 mg/L; KD RBC=0.00348 mg/L). Red blood cell 
concentrations were observed up to 100 mg/L, while the estimated binding capacity was 
only 73.7 mg/L. The fit was highly improved upon the addition of a non-specific binding 
component to the model, which is also shown in Figure 4. In total, this resulted in a two site 
binding model, comprising one class of saturable binding sites (Bmax RBC=64.0 mg/L; KD 

RBC=0.00277 mg/L) and one class of non-specific binding sites (NRBC=78.9) (Equation 11). 
 
                                                          CRBC free 
CRBC bound saturable  = Bmax RBC ∙              (Eq.11a) 
                                                    CRBC free+KD RBC  
 
CRBC bound non-specific = NRBC ∙ CRBC free              (Eq.11b) 
 
CRBC bound  = CRBC bound saturable + CRBC bound non-specific           (Eq.11c) 
 
The maximal binding capacity Bmax RBC was estimated at 64.0 mg/L or 166 μM, which 
corresponds well to previously reported concentrations of carbonic anhydrase in red blood 
cells (133-186 µM).[20-22] 
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Figure 4. Observed ( )  and individually predicted indisulam concentrations in red blood cells in a typical Japanese 
patient after a 2-hour infusion with 700 mg/m2 indisulam. Individual predictions are depicted for the final model with 
saturable and a non-specific binding to red blood cells (—) and for a reduced model with saturable red blood cell 
binding only (     ). 
 
Extravascular distribution 
Both distribution to interstitial fluid and binding to tissue components represented the 
distribution of indisulam beyond the blood compartment. The data did not contain 
sufficient information in order to precisely estimate the intercompartmental clearance 
between plasma and interstitial fluid. Instead, the distribution between plasma and 
interstitial fluid could be well described by an instantaneous equilibrium. Thus, free 
indisulam concentrations in interstitial fluid were equal to free plasma concentrations, 
according to the model (Equation 12a). The nature of protein is similar in profile between 
interstitial fluid and plasma. The protein concentration in interstitial fluid is highly 
correlated to the plasma protein concentration and can be described by Equation 12b. [23,24] 
As a result, protein binding in the interstitial fluid compartment was described by Equation 
12c. 
 
CIF free = CPL free                       (Eq.12a) 
 
[protein]IF = 50% ∙ [protein]PL             (Eq.12b) 
 
                                                CPL free  
CIF bound = 50% ∙ Bmax PL ∙               (Eq.12c) 
                                          CPL free + KD PL 
 
Tissue distribution was time dependent and comprised both a linear and a saturable 
component. A model with only a linear tissue component was also tested. However, this 
model did not adequately describe the distributional phase for all dose levels (Figure 5).  
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Figure 5. Observed ( )  and model predicted indisulam total plasma concentrations in two typical Caucasian 
patients after a 1-hour infusion with 100 mg/m2 (lower curve) and 1000 mg/m2 (upper curve) indisulam. Model based 
predictions are depicted for the final model with a linear and a saturable tissue distribution component (—) and for a 
reduced model with linear tissue distribution only (      ). 
 
Elimination 
Both first order and saturable elimination pathways were incorporated in the final model. 
The Michaelis Menten equation (Equation 13) was used to describe the saturable elimination 
component. It was assumed that only free indisulam was cleared from the plasma 
compartment.  
 
                          CPL free 
V  = Vmax ∙                 (Eq.13) 
                     Km + CPL free 
 
In order to properly estimate the pharmacokinetic profiles of indisulam at all dose levels, it 
proved to be essential to include a linear elimination pathway in the model. The addition of 
a linear pathway resulted in a significant improvement of the model (ΔOFV=-248) and the 
total plasma concentration profile was more adequately predicted at the highest dose levels 
(Figure 6).  
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Figure 6. Observed ( )  and model predicted indisulam total plasma concentrations in a typical Caucasian patient 
after a 1-hour infusion with 1000 mg/m2 indisulam. Model based predictions are depicted for the final model with a 
saturable and a linear elimination pathway (—) and for a reduced model with saturable elimination only (     ). 
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Figure 7.  Plasma clearance versus the total indisulam plasma concentration. Total clearance was calculated as the 
sum of two elimination pathways. The clearance resulting from Michaelis Menten elimination decreased with 
increasing plasma concentration and was half-maximal when the free plasma concentration equaled Km (0.000848 
mg/L), which corresponded to a total plasma concentration of 0.8 mg/L. 
 
Figure 7 shows the total, linear and non-linear clearance versus total plasma concentration. 
At low concentrations (<0.1 mg/L), the non-linear elimination pathway was not saturated 
and total clearance was relatively independent of the plasma concentration. Total clearance 
decreased as the non-linear elimination component became saturated. At high 
concentrations (>50 mg/L), total clearance was dominated by the linear clearance. Plasma 
clearance was dependent on the unbound fraction and increased dramatically when the 
total plasma concentration approached the maximal protein binding capacity. 
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Covariate analysis 
Differences between Caucasian and Japanese patients were significant with respect to the 
clearance (linear pathway) and the tissue distribution parameters QIF-TIS and Bmax TIS. In 
Caucasian patients, linear clearance was significantly higher (CLCaucasian race=3.36 ∙ CLJapanese race) 
and distribution to the tissue compartment occurred faster (QIF-TIS,_Caucasian_race = 
2.26_∙_QIF_TIS,_Japanese_race). In contrast, the maximal specific binding capacity in tissue was 
higher in Japanese patients (Bmax TIS, Caucasian race=0.700 ∙ Bmax TIS, Japanese race). The body surface area 
(BSA) proved to be predictive for the maximal elimination rate Vmax, which was described 
according to Equation 14. 
 
                        BSA g   2.29 
Vmax i =4.19 ∙                 ∙ eη(Vmax)i                              (Eq.14) 
                        1.74 
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Figure 8. Observed total plasma concentrations (A) and red blood cell concentrations (B) of the Japanese patient 
population. The solid lines represent model based predictions for a typical Japanese male individual at all 
concentrations levels tested. 
 
Final model 
The parameter estimates of the final model are listed in Table 3. All parameters were 
precisely estimated. Interindividual variability (IIV) was significant for the capacity of 
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binding to red blood cells (Bmax RBC), for the tissue distribution parameters QIF-TIS, NTIS and 
Bmax TIS. Furthermore, IIV for the maximal elimination rate (Vmax) was crucial, as convergence 
could not be achieved when this parameter was excluded from the model. Residual 
variability was small for total plasma concentrations (23%) and red blood cell concentrations 
(13%) and moderate for free plasma concentrations (28%). 
 
Table 3. Parameter estimates of the final physiological population pharmacokinetic model. Volumes of distribution are 
listed in Table 2. 
Pharmacokinetic parameter Estimate CV%a  
Structural model   Fixed / derived 
Bmax PL binding capacity PL protein (mg/L)   [albumin]PL (g/L) / 

MWalbuminb∙MWindisulamc∙1000 
KD PL dissociation constant PL 

protein 
(mg/L)   0.25 

Q PL-RBC intercompartmental CL PL-
RBC 

(L/h) 4190 8.2  

N RBC non-specific binding const. 
RBC 

 78.9 11  

Bmax RBC binding capacity RBC (mg/L) 64.0 9.2  
KD RBC dissociation constant RBC (mg/L) 0.00277 10  
Bmax IF binding capacity IF (mg/L)   Bmax PL ∙ 50% 
KD IF dissociation constant IF (mg/L)   0.25 
Q IF-TIS intercompartmental CL IF-TIS (L/h) 1190 21  
N TIS non-specific binding const. TIS  100 20  
Bmax TIS binding capacity TIS (mg/L) 9.42 20  
KD TIS dissociation constant TIS (mg/L) 0.299 37  
Vmax maximal elimination rate (mg/h) 4.19 28  
Km Michaelis Menten constant (mg/L) 0.000848 24  
CL plasma clearance (L/h) 46.0 64  
Interindividual variability    
η Bmax RBC  (%) 33 83  
η Q IF-TIS   (%) 46 28  
η N TIS  (%) 58 137  
η Bmax TIS  (%) 54 70  
η Vmax  (%) 53 58  
Covariate model   backward elimination 
Q IF-TIS ~Cauc. race   2.26 23 ΔOFVd=54.6; p<0.0001 
Bmax TIS~Cauc. race   0.700 20 ΔOFVd=11.6; p=0.0007 
CL ~Cauc. race   3.36 62 ΔOFVd=85.3 ; p<0.0001 
Vmax~BSA   2.29 38 ΔOFVd=44.6 ; p<0.0001 
Residual error    
C PL total  (%) 23 21  
C PL free  (%) 28 39  
C RBC  (%) 13 19  

a obtained with the COVARIANCE option of NONMEM 
b MWalbumin = 66,000 g/mole 

c MWindisulam = 385.8517 g/mole 
d ΔOFV = difference the objective function value of NONMEM 
 
The final model adequately described the time profiles of indisulam concentrations in 
Caucasian and Japanese patients in all monitored compartments. Figure 8 shows that the 
observed plasma and red blood cell concentrations in the Japanese population were well 
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described by model based predictions. In Figure 9, post-hoc fittings are depicted for 
Caucasian patients who received 1-hour infusions of indisulam in a daily times 5 regimen. 
This figure indicates that the pharmacokinetic profile of indisulam was well described for a 
large range of dose levels and multiple treatment regimens. A selection of goodness-of-fit 
plots is depicted in Figure 10 and demonstrates that individual predicted indisulam 
concentrations corresponded well to the observed data (A) and that the model based 
predictions were unbiased (B and C). 
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Figure 9.  Observed and individual predicted time profiles of total indisulam concentrations in patients who were 
treated at the lowest (A) and the highest dose level (B) of the daily times 5 dosing regimen. 
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Figure 10. Goodness of fit plots of the final 
pharmacokinetic model. Observed versus 
individual predicted total plasma concentra-
tions (A), weighted residuals versus time (B) 
and weighted residuals versus model predicted 
concentrations (C). 
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Model evaluation 
Jack-knife 
Table 4 lists the results of the jack-knife evaluation. The Japanese phase I trial could not be 
excluded from analysis, as free plasma concentrations and red blood cell concentrations 
were only measured in this study. Exclusion of each of the other four studies resulted in 
minor shifts in all parameter values, indicating that the pharmacokinetic data from none of 
the dosing regimes was crucial for adequate estimation of all parameters. The outcomes of 
the jack-knife evaluation were an indication for proper stability of the presented model. 
 
Table 4. Results of model evaluation: ranges of parameter estimates resulting from the jack-knife procedure and the 
sensitivity test.  
Pharmacokinetic  
parameter 

Final model (95% CIa) Jack-knife 
Estimation range 

Sensitivity test 
Estimation range 

Structural model        
Q PL-RBC 4190 3840 - 4350 3890 - 4520 
N RBC 78.9 78.3 - 84.7 72.3 - 88.9 
Bmax RBC 64.0 59.6 - 63.4 59.5 - 69.6 
KD RBC 0.00277 0.00259 - 0.00273 0.00255 - 0.00299 
Q IF-TIS 1190 1110 - 1400 1090 - 1390 
N TIS 100 60.6 - 112 85.3 - 107 
Bmax TIS 9.42 8.84 - 11.2 8.54 - 10.9 
KD TIS 0.299 0.226 - 0.399 0.278 - 0.331 
Vmax 4.19 3.66 - 4.72 4.15 - 4.75 
Km 0.000848 0.000747 - 0.000907 0.000839 - 0.000922 
CL 46 29 - 61.7 29.5 - 52.0 
Interindividual variability       
η Bmax RBC 33 26 - 45 29 - 44 
η Q IF-TIS  46 42 - 56 43 - 52 
η N TIS 58 47 - 67 51 - 64 
η Bmax TIS 54 33 - 61 45 - 57 
η Vmax 53 42 - 62 48 - 54 
Covariate model        
Q IF-TIS ~Cauc. race 2.26   (1.79 – 2.83) 2.21 - 2.41 1.99 - 2.29 
Bmax TIS~Cauc. race 0.700    (0.571 - 0.878) 0.619 - 0.808 0.637 - 0.755 
CL ~Cauc. race 3.36       (2.34 – 6.18) 2.34 - 4.99 2.92 - 5.22 
Vmax~BSA 2.29       (1.77 – 2.70) 1.59 - 2.88 1.73 - 2.39 
Residual error        
C PL total 23 18% - 24% 23 - 23 
C PL free 28 28% - 29% 24 - 34 
C RBC 13 13% - 14% 12 - 16 

a determined with the likelihood profile 
 
Sensitivity test 
The application of the algorithms for calculation of the blood volume and the volume of the 
interstitial fluid was evaluated by sensitivity tests. Both parameters were 1) fixed at their 
median value for all patients, 2) incremented by 20% for each individual and 3) 
decremented by 20% for each individual. Thus, 2x3 alternative models were tested in order 
to evaluate the appropriateness of the usage of the algorithms. The impact of the changes in 
blood volume and interstitial fluid volume on the pharmacokinetic parameter estimates is 
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shown in Table 4. None of the parameters was significantly affected by the model 
adjustments. The OFVs of the alternative models were higher than the OFV of the final 
model, except for the OFV corresponding to the 20% incremented blood volume (ΔOFV=-
20.7). The blood volume was subsequently estimated according to Equation 4. As expected, 
the population value of the blood volume was estimated at a higher value (5.2 L) than the 
median volume calculated with the algorithm (4.3 L). This moderate difference did not 
result in improved goodness of fit plots. The use of both algorithms was therefore 
warranted. 
 
Likelihood profile 
Likelihood profiles were determined for all parameters that quantified covariate 
relationships. Covariate relationships with continuous variables were defined in such a 
manner that the parameter estimate (CF) should be significantly different from 0 in order to 
conclude that the covariate relationship was significant (Equation 3). For dichotomous 
covariates, the relationship was significant if the covariate factor was different from 1. An 
increase in OFV of 5.02 (p=0.025) was the critical value to determine the 95% confidence 
intervals for all covariate relationships. Results are shown in Table 4. 
 
Simulation study 
The pharmacokinetic profiles of indisulam in all physiological compartments were 
simulated using the physiological model for a typical Caucasian male patient after a 1-hour 
infusion of 700 mg/m2. Relevant patient characteristics were set at typical values: weight 70 
kg, BSA 1.74 m2, plasma albumin 40 g/L and hematocrit 0.4. Figure 11 shows that indisulam 
is more rapidly cleared from plasma than from the tissue and red blood cell compartments. 
The concentration-time profile describing the amount indisulam in tissue is well reflected by 
the concentration-time profile of red blood cell concentrations.  
 
Table 5. Model predicted absolute and relative AUC values for total plasma concentration, free plasma concentration 
and the amount in tissue after a one-hour infusion of 700 mg/m2 for a typical Caucasian male (weight 70 kg, BSA 1.74, 
hematocrit 0.4) with a normal plasma albumin level (40 g/L) (A) and for an identical male with a decreased hematocrit 
(0.2) (B) or with a decreased plasma albumin level (20 g/L) (C). 
 Albumin 

(g/L) 
Hematocrit Dose 

(mg/m2) 
AUC (mg·h/L) 
PL, total 

AUC (mg·h/L) 
PL, free 

AUC (mg·h/L) 
RBC 

AUC (g·h) 
TIS 

A 40 0.4 700 2471   (100%) 3.08    (100%) 8687    (100%) 63.6    (100%) 
B 40 0.2 700 2571   (104%) 3.21    (104%) 8497      (98%) 63.9    (100%) 
C 20 0.4 700 1299     (53%) 3.39    (110%) 8128      (94%) 62.3      (98%) 

 
Subsequently, all profiles were simulated twice under different conditions. When the 
hematocrit was decreased from 0.4 to 0.2, all profiles remained rather unaffected (Figure 11). 
It can thus be concluded that the hematocrit does not have a clinically relevant impact on 
indisulam disposition. A decreased plasma albumin level (20 g/L instead of 40 g/L), 
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however, had a large impact on the profile of total plasma concentrations, which were 
lower, whereas the exposure to indisulam in all other compartments remained stable (Figure 
11). In Table 5, AUC values are listed for a typical Caucasian patient with normal (A) and 
compromised hematocrit (B) or albumin level (C) after a 1-hour infusion of 700 mg/m2. 
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Figure 11.  Typical concentrations/amounts in plasma (free (A) and total (B)), red blood cells (C) and tissue (D)  for a 
Caucasian male (weight=70kg, BSA=1.74) after a one-hour infusion of 700 mg/m2 indisulam for normal hematocrit  
(0.4) and normal albumin level (40 g/L) (—) and for 50% decreased hematocrit (      ) or albumin level (      ). 
 
Impact of albumin level in study population 
In order to illustrate the results of the simulation study as described above, the impact of 
compromised albumin levels in our phase I population was studied. In this patient 
population, albumin levels were observed in the range 18-52 g/L. The patient with the 
lowest albumin level was selected from the subpopulation of patients for whom both total 
and free plasma concentrations were measured. This was a Japanese patient, who was 
treated at the 800 mg/m2 dose level. Indisulam pharmacokinetics in this patient (A, 32 g/L 
albumin) were compared to the pharmacokinetics in a patient of the same cohort with the 
highest albumin level (B, 40 g/L albumin) (Table 6). The exposure to indisulam was 
expressed as the AUC of total plasma concentrations and as concentration levels of free 
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indisulam in plasma. According to the classical measure of AUC, patient B was exposed to 
indisulam to a higher extent than patient A. The free plasma concentration may be a 
preferable measure for the exposure of bone marrow and tumor tissue and was on the 
contrary higher in patient A. This indicates that total plasma concentrations should be 
corrected for compromised albumin levels using the presented model, in order to define 
drug exposure and pharmacokinetic-pharmacodynamic relationships. 
 
Table 6. AUC values for total plasma concentration and free plasma concentrations after a two-hour infusion of 800 
mg/m2 for two Japanese patients with a normal hematocrit.  
 Albumin 

(g/L) 
Hematocrit Dose 

(mg/m2) 
AUC (mg·h/L) 
PL, total 

C (mg/L) 
PL, free 
t=2ha 

C (mg/L) 
PL, free 
t=3ha 

A 32 0.353 800 4040 0.481 0.274 
B 40 0.373 800 6288 0.317 0.162 

a Indicated times are calculated as the time intervals from the start of infusion to collection of the blood sample. 
 

Discussion 

From five phase I studies, a large amount of pharmacokinetic data was available for the 
development of a physiological population pharmacokinetic model of the anti-cancer agent 
indisulam. This project has led to a better understanding of the physiological mechanisms 
behind the pharmacokinetics of indisulam. The improved insight into the disposition of the 
compound may facilitate the establishment of new pharmacokinetic - pharmacodynamic 
relationships. For relationships between pharmacokinetics and toxicity or efficacy, ideally 
the concentrations of indisulam at the site of action are to be predicted. Even though the 
model comprises only anatomical/physiological compartments, it does not allow for 
predictions of indisulam concentrations in tumor tissue. The combined linear and saturable 
components representing tissue distribution form a simplified model for complicated 
physiological processes.  
Distribution of indisulam in whole blood was previously investigated by a non-dynamic 
analysis, which demonstrated saturable binding of the drug to plasma albumin and to 
carbonic anhydrase in red blood cells. This model was implemented into this 
pharmacokinetic analysis to further explore the non-linear disposition of indisulam. 
Precedence of this approach was given by Snoeck et al. who evaluated the role of non-linear 
red blood cell partitioning in the non-linear disposition of draflazine.[25] 
Non-linearity of indisulam pharmacokinetics was not limited to its disposition in whole 
blood. Elimination of the compound was also partly saturable and was adequately 
described by a linear and a saturable component. In fact, indisulam is subject to a large 
number of metabolizing reactions and thus has multiple metabolic pathways.[26] Indisulam 
is extensively metabolized in the liver and elimination of the unchanged drug can almost 
fully be attributed to hepatic clearance. This allows that the hepatic extraction ratio can be 
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calculated from the plasma clearance divided by the hepatic plasma flow. As the hepatic 
blood flow is approximately 87 L/h, the hepatic plasma flow equals 52 L/h for a typical 
individual with a hematocrit of 0.4. The hepatic plasma extraction ratio is maximal 0.1 in the 
therapeutic plasma concentration range. The low hepatic extraction ratio warrants the 
modeling assumption that the elimination rate was dependent on the free plasma 
concentration of indisulam. In contrast, for a drug with a high extraction ratio, the rate of 
drug elimination can be related to the total plasma concentration. At total indisulam plasma 
concentrations higher than 5 mg/L, the apparent elimination rate constant was lower 
(<0.35_h-1) than the apparent rate constant of redistribution from red blood cells to plasma 
(>0.52 h-1). Consequently, at therapeutic plasma concentrations, redistribution from red 
blood cells to plasma was not rate limiting for drug elimination.  
Interindividual variability of Vmax proved to be an essential element in the physiological 
model. This variability may be related to polymorphism of the CYP2C genes, which belong 
to the major metabolizing enzymes of indisulam. In Japanese patients, the prevalence of 
CYP2C19 mutations is high, while CYP2C9 polymorphism is more common in 
Caucasians.[27,28] The clinical relevance of indisulam pharmacogenetics is currently being 
evaluated. 
From Figure 7 it can be concluded that the Michaelis Menten elimination pathway is 
predominant when plasma concentrations are below 20 mg/L. From the simulation study 
results it was calculated that in a typical Japanese patient, about 84% of a 700 mg/m2 dose 
(Dx1 regimen) is cleared via the saturable elimination pathway. For Caucasians, the linear 
clearance was estimated to be larger and consequently about 61% of the dose is expected to 
be cleared via the Michaelis Menten pathway. The previously developed empirical model 
for indisulam pharmacokinetics also comprised both a saturable and a linear elimination 
pathway.[12] Using this model, 58% of a 700 mg/m2 dose was cleared via saturable 
elimination in Caucasians, which corresponds well to the currently presented physiological 
model.  Residual error was of comparable size for the empirical and the physiological 
model. Time profiles of total plasma concentrations were equally well described by both 
models. Furthermore, the relationship between BSA and Vmax was identified by both models.  
The empirical and the physiological model are thus similar in multiple aspects and both 
adequately describe indisulam pharmacokinetics in plasma. However, physiological or 
mechanistic models are to be preferred over empirical models for multiple reasons. In 
clinical practice, predictions of the pharmacokinetic profile of a drug in specific individuals 
are to be made in order to produce optimal individual dosing schedules. Incidentally, a 
model should extrapolate beyond conditions that have been investigated during clinical 
development. Credible extrapolation is only feasible for mechanistic models, because only if 
the physiological processes involved have been elucidated, one can motivate if the model is 
valid in circumstances that have not so far been encountered.[29] Secondly, mechanistic 
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modeling may result in a more insightful interpretation of pharmacokinetic properties and 
may support the development of more rational pharmacokinetic-pharmacodynamic 
relationships. A third advantage of mechanistic modeling is, that it may facilitate the 
identification of covariates, because the impact of variables (demographic variables, 
biological information, genetic information, disease state, etc.) on the various physiological 
processes can often be reasoned. In the case of indisulam, plasma protein binding capacity 
was affected by plasma protein levels, which was implemented as a covariate relationship in 
the mechanistic model. However, in the empirical model, protein binding remained 
unidentified and it is questionable if any pharmacokinetic parameter significantly co-varied 
with plasma protein levels. 
The model has elucidated the important impact of albumin on indisulam disposition. 
Simulations, which were performed using the physiological model, have illustrated that 
total plasma concentrations were highly dependent on the plasma albumin level. Total 
plasma concentrations are often measured in order to define pharmacokinetic-
pharmacodynamic relationships. If the AUC of total plasma concentrations of indisulam 
would be used as a measure for drug exposure, the exposure of myeloid or tumor tissue 
may be underpredicted in patients with low albumin levels. For those patients, it is 
suggested that total plasma concentrations should be corrected for the compromised 
albumin level, before pharmacokinetic-pharmacodynamic relationships can be defined. This 
finding may support the development of new rational pharmacokinetic-pharmacodynamic 
relationships. The model may also assist in optimizing the previously identified relationship 
between indisulam pharmacokinetics and dose-limiting hematological toxicity. The 
myelosuppressive effect of indisulam has been described by a pharmacokinetic-
pharmacodynamic model [30], which may be improved by integration with the presented 
semi-physiological pharmacokinetic model.   
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Abstract 

Indisulam (N-(3-chloro-7-indolyl)-1,4-benzenedisulfonamide, GOAL, E7070) is a novel anti-
cancer drug currently in phase II clinical development for the treatment of solid tumors. 
Phase I dose-escalation studies were conducted comparing four treatment schedules. 
Neutropenia and thrombocytopenia were dose limiting in all schedules. The aim of this 
study was to describe the extent and the time course of the hematological toxicity and its 
possible schedule dependency using a semi-physiological model.  
Data from 142 patients were analyzed using NONMEM. The semi-physiological model 
comprised a progenitor blood cell compartment, linked to the central circulation 
compartment, through 3 transition compartments representing the maturation chain in the 
bone marrow. Plasma concentrations of the drug were assumed to reduce the proliferation 
rate in the progenitor compartment according to a linear function. A feedback mechanism 
was included in the model representing the rebound effect of endogenous growth factors. 
The model was validated using a posterior predictive check.  
The model adequately described the extent and time course of neutropenia and 
thrombocytopenia. The mean transition time (MTT, i.e. maturation time in bone marrow) of 
neutrophils was increased by 47%  in patients who received indisulam as a weekly dose 
administered for four out of every six weeks. For platelets, MTT was increased by 33% in 
patients who received this schedule and also in patients who received a continuous 120-
hour infusion. The validation procedure indicated that the model adequately predicts the 
nadir value of neutrophils and platelets and the time to reach this nadir.  
A semi-physiological model was successfully applied to describe the time course and extent 
of the neutropenia and thrombocytopenia after indisulam administration for four treatment 
schedules.  
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Introduction 

Indisulam (N-(3-chloro-7-indolyl)-1,4-benzenedisulfonamide; GOAL, E7070 ) is a synthetic 
sulfonamide compound, currently in phase II clinical evaluation for the treatment of solid 
tumors. The compound was developed from a screening program aimed at identifying 
chemicals which act predominantly during the G1 phase of the cell cycle.[1,2] Indisulam has 
shown a wide range of anti-tumor activity in vitro and in vivo with human tumor 
xenografts.[3] In the A549 human non-small cell lung cancer cell line, treatment with 
indisulam leads to a profound arrest at the G1/S boundary accompanied by 
hypophosphorylation of the retinoblastoma protein and a reduction in the expression of 
cyclins A, B1 and cdk2. At higher concentrations, treatment with indisulam was associated 
with upregulation of p53 and p21 and subsequent apoptosis.[4] Although the precise 
mechanism of action remains under investigation, recent studies have shown that indisulam 
is a potent inhibitor of cellular dehydrogenases.[5] Thus, it is likely that downstream events 
such as G1/S arrest and cell death occur due to interference with the malate-aspartate 
shuttle, glycolysis and gluconeogenesis.  
A phase I clinical program has been conducted with indisulam administered in four 
different treatment schedules.[6-10] The dose-limiting toxicities were consistent across the 
different treatment schedules, being neutropenia and thrombocytopenia. Fatigue, alopecia 
and local reactions at the site of injection were also observed. Pharmacological research 
revealed the non-linear pharmacokinetic profile of indisulam, characterized by a decreased 
clearance of the compound with increasing doses. A population pharmacokinetic model has 
been developed to describe the pharmacokinetics of indisulam in all four treatment 
schedules.[11] 
Previous combined pharmacokinetic-pharmacodynamic analyses have shown that the 
degree of hematological toxicity is related to a patient's exposure to indisulam, expressed as 
area under the plasma concentration time curve (AUC).[12] The relation between the 
decrease from baseline cell count to the nadir and the AUC could be described using an Emax 
model for both neutrophils and platelets.[12] Although these models yielded an adequate 
prediction of the hematological toxicity after indisulam administration, they do not allow 
the prediction of the time to nadir or temporal profile of this toxicity. However, this type of 
information is very important to fully understand the toxicity profile of a drug and to be 
able to optimize treatment for an individual patient. Recently, models describing the entire 
time course of hematological toxicity have been designed.[13-18] The time-delay between 
the administration of the drug and the observed toxicity was described using either a lag-
time  model [13,14] or a chain of several transit compartments [15-18]. With the latter, the 
physiological process of the maturation of the cells in the bone marrow is actually mimicked 
and these types of models are therefore preferred.  
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The objectives of the present study were to describe the time course and the extent of the 
hematological toxicity after indisulam administration using a semi-physiological model. 
Furthermore, differences in the toxicity profile between the treatment schedules were 
evaluated with this model. Moreover, the influence of patient characteristics on the 
pharmacodynamic interpatient variability was investigated. 
 

Methods 

Patient population and data collection 
The data used in this study were obtained from the four phase I studies that were conducted 
with indisulam.[6-10] Each study evaluated a different treatment schedule. In the first study, 
a single 1-hour infusion was administered, every 3 weeks (DX1). The second study involved 
a 1-hour infusion on days 1-5 administered every 3 weeks (DX5). The third schedule 
involved drug administration weekly for four weeks out of every six  (WX4). In the fourth 
study, indisulam was administered as a continuous infusion over 5 days, i.e. 120 hours, 
every 3 weeks (CIV). The total number of patients in each treatment schedule and the 
evaluated dose range are listed in Table 1.  
 
Table 1. Number of patients with each treatment schedule and the corresponding dose range.  
Treatment schedule Dose range  Total number of patients 
DX1 50-1000 mg/m² 40 
DX5 10-200   mg/m²/day 35 
WX4 40-500   mg/m²/week 42 
CIV 6-200     mg/m²/day 26 

 DX1: single 1-hour infusion every 3 weeks; DX5: daily times 5, 1-hour infusion every 3 weeks; WX4: weekly times 4, 1-
hour infusion every 6 weeks; CIV: continuous 120-hour infusion every 3 weeks. 
 
Patient eligibility criteria included a confirmed solid tumor, which was not amenable to 
established forms of treatment. Furthermore, patients had a minimum age of 18 years, WHO 
performance status of less than or equal to 2, a life expectancy of at least 3 months and  
adequate renal, hepatic and bone marrow function. The Medical Ethics Committee in all 
study centers approved the study protocols and all patients gave written informed consent.  
The pharmacokinetic profile of indisulam was studied in each treatment regimen using 
serial blood sampling during the first treatment cycle. In the DX1 study, samples were taken 
up to 120 hours after the end of infusion. A full profile was performed on day 1 and day 5 
whilst peak and trough levels were obtained on days 2 to 4 in patients receiving the DX5 
schedule. Samples were taken up to 96 hours following the end of infusion on weeks one 
and four for patients receiving the WX4 schedule. For the CIV schedule, samples were taken 
regularly during the infusion and up to 48 hours after the end of infusion.  
Hematological toxicity data, including the neutrophil count and the platelet count were 
recorded for each patient at study entry (baseline value) and at least once a week and 
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whenever feasible twice a week, up to two weeks after the last infusion of indisulam. When 
hematological toxicity occurred, sampling was performed more frequently according to 
clinical need. 
 
Population pharmacokinetic model 
The development and validation of the population pharmacokinetic model has been 
presented in detail elsewhere [11] and therefore it will only be briefly summarized here. The 
pharmacokinetic modeling was performed using the NONMEM program (double precision, 
version V, level 1.1).[19] The model was developed to describe simultaneously the 
pharmacokinetic profile of indisulam in all four treatment schedules. The final model 
comprised 3 compartments with saturable distribution to one of the peripheral 
compartments and two pathways of elimination from the central compartment: a linear and 
saturable pathway. The model was described by the following pharmacokinetic parameters: 
volume of the central compartment (V=6.5 L), maximal transport rate to the first peripheral 
compartment (Tmax=23.5 mg/h), concentration at which the transport rate is half-maximal 
(Tm=2.3 mg/L), intercompartmental rate constants (k21=0.065 h-1, k13=0.96 h-1, k31=0.36 h-1), 
elimination rate constant from the central compartment (k10=0.034 h-1), the maximal 
elimination capacity (Vmax=2.6 mg/h) and the concentration at which the elimination capacity 
is half-maximal (Km=0.49 mg/L). Interindividual variability in the pharmacokinetic 
parameters was modeled using a proportional error model and was moderate for most 
parameters (26-55%) but large for k21 (70%) and Tm (120%). Patient characteristics were 
investigated for their influence on the pharmacokinetic variability and body surface area 
(BSA) appeared to be significantly correlated to both the V and Vmax. Residual variability 
was modeled using a combined additive and proportional error model; the corresponding 
values were 0.025 mg/L and 15%. The model was validated using a bootstrap procedure 
which indicated that the developed model was robust. Bayesian estimates of the individual 
pharmacokinetic parameters were obtained from the final population pharmacokinetic 
model using the POSTHOC option in NONMEM. These individual pharmacokinetic 
parameters were fixed and the corresponding predicted individual plasma concentrations 
were used as an input function in the pharmacokinetic-pharmacodynamic model.  
 
Pharmacokinetic-pharmacodynamic model 
The applied semi-physiological model was first described by Friberg et al. [18] and was used 
in the present study for the description of indisulam related neutropenia and 
thrombocytopenia. The model comprised a compartment representing the proliferating cells 
linked to a compartment representing the systemic circulation through three transit 
compartments, which mimic the maturation chain in the bone marrow. (Figure 1)  The chain 
of transit compartments allows the description of the time delay between drug exposure, the 
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proliferation of the cells and their appearance as observed blood cells in the systemic 
circulation.  
 

ktr

kprol (=ktr)

kcirc (=ktr)

Proliferation

Edrug MTT

Feedback = (ANCbase/ANCt)γ

ktrktr
Transit 2Transit 1 Transit 3 Circulation

ktr

 
Figure 1.  Schematic representation of the semi-physiological model. 
 
The first-order rate constant for the transition between the compartments is represented by 
ktr and is assumed to be equal for all transitions. The average time for a cell to mature from 
the proliferative stage and to appear in the circulation is called the mean transition time 
(MTT) and is calculated as (n+1)/ktr, where n is the number of transit compartments. The 
proliferation of cells in the first compartment is dependent on the number of cells in that 
compartment and on the proliferation rate constant, given by kprol. At steady state, kprol= ktr 
and therefore these parameters are set to be equal in the modeling. The disappearance of the 
blood cells from the circulation is given by the first-order rate constant kcirc. For modeling, 
this parameter was also assumed to be equal to ktr at steady state. The plasma concentration 
of indisulam in the central compartment of the pharmacokinetic model (C) is assumed to 
affect the proliferation rate of the cells by a function Edrug. Edrug can be modeled using a linear 
function (slope∙C), where slope is the estimated parameter, or according to a maximum 
effect model (Emax ∙C/(EC50+C)), where both Emax (maximum effect) and EC50 (concentration at 
which the drug effect is half-maximal) are to be estimated. A feedback mechanism was 
included in the model, which imitates the effect of the release of endogenous growth factors 
as a response to the decrease of cells in the systemic circulation. This is assumed to increase 
the proliferation rate and was incorporated in the model according to a power function of 
the ratio between the cell count at baseline (ANCbase) and the cell count at time = t (ANCt), 
according to (ANCbase/ANCt)γ, where γ is the estimated parameter of the feedback 
mechanism. Estimated parameters were therefore: baseline value (BASE, ∙109/L), MTT (h), γ 
and slope (L/mg) (or Emax and EC50). Interindividual variability was estimated for BASE, 
MTT and slope using an exponential error model. Residual variability was modeled using 
an additive error model on the logarithmic scale. The possible differences in the model 
parameters between the studies were evaluated by allowing the estimation of different 
values of a parameter for each study, according to the following equation for MTT: 
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MTTpop=θ1∙θ2STUD1                   (Eq.1) 
 
in which MTTpop is the population value for MTT, θ1 is the population value in all studies 
except study 1 and θ2 is the fractional change in MTTpop for study 1 as opposed to the other 
studies (STUD1=1). 
 
Data analysis 
Pharmacodynamic model building was performed using NONMEM (double precision, 
version VI beta). Logarithmic transformations of the absolute cell counts of the neutrophils 
and platelets were used in building the model. The First Order Conditional Estimation 
(FOCE) method was used throughout the analyses. The adequacy of the developed models 
was evaluated using goodness-of-fit plots and precision of parameter estimates.[20,21] 
Xpose (version 2.0), an S-PLUS based (version 2000 Professional Release I, Mathsoft, Inc.) 
model building aid, was used for the graphical goodness-of-fit analyses.[22] The objective 
function value provided by NONMEM was used for the comparison of hierarchical models, 
using the log-likelihood ratio test.[19] The addition of a parameter to the model was 
considered significant when resulting in a decrease in objective function of 10.8, which 
corresponds to a p-value of 0.001. 
 
Validation 
In order to validate the performance of the structural model, a posterior predictive check 
was performed on both the value of the nadir and the time to nadir.[23] In total, one 
hundred data sets were simulated from the original data set and the final model parameter 
estimates for neutrophils and platelets separately. The observed median values for the nadir 
and time to nadir for each dose group within each treatment schedule were compared with 
the corresponding 90% prediction intervals (90%PI) of the simulated data sets. At the lower 
dose levels no appreciable decrease in cell count was observed and therefore the nadir and 
time to nadir cannot be derived from these data. Thus, the data at these dose levels were not 
taken into account in the posterior predictive check.  
 
Covariate analysis 
Patient characteristics (Table 2) were evaluated for their influence on the interindividual 
variability in the pharmacodynamic model parameters. The selection of the covariates in the 
model was performed using an automated procedure.[24] By this method, linear and non-
linear relationships were evaluated between the covariates and the model parameters of 
interest. The statistical significance of the inclusion of a covariate in the model was 
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evaluated using the NONMEM objective function value. Only physiological plausible 
covariate relationships were incorporated in the final model.  
 

Results 

Data 
Hematological toxicity profiles were available for 142 patients. Patient characteristics are 
listed in Table 2. In total, the data set consisted of 1073 and 1124 observations for neutrophils 
and platelets, respectively. For one patient, the baseline values of the cell counts were 
missing and were substituted with the median values of the corresponding cell count in the 
data set. One patient had a very deviating neutrophil profile. This patient highly influenced 
the data analysis and model selection according to its individual objective function value. 
Therefore, the data of this patient were omitted from the neutrophil data set, resulting in a 
total of 1052 observations. For the platelet analysis, this patient was not influential in the 
model selection and therefore remained in the data set. The mean number of samples 
available for a patient was between 7 and 8, with a range of 3 to 21 samples per patient. The 
observed neutrophil and platelet counts versus time for all patients are plotted in Figure 2.   
 
Table 2. Patient characteristics and biochemical parameters. 
 Median (range)  

n = 142 patients    
 
Patient characteristics 

   

Age (years) 54 (26-78)  
Gender (male/female) 69/73   
Weight (kg) 66 (41-122)  
Height (cm) 167 (149-203)  
Body surface area (m²) 1.75 (1.34-2.36)  
 
Biochemical parameters 

   

Baseline ASAT (U/L)  22 (9-237)  
Baseline ALAT (U/L)   19 (2-257)  
Baseline Alkaline phosphatase (U/L) 122 (21-680)  
Baseline bilirubin (µmol/L)  7.87 (2-21)   
Baseline LDH (U/L)  384 (112-4440) (unknown=5) 
Baseline gamma-GT (U/L) 45 (9-1544)  
Baseline total protein (g/L) 73 (57-91) (unknown=4) 
Baseline albumin (g/L) 39 (18-52) (unknown=3) 
Baseline serum creatinine (µmol/L) 82 (33-158)  
 
Tumor involvement 

   

Liver metastases (no/yes)  68/63  (unknown=11) 
Ascites (no/yes) 124/10   (unknown=8) 
Pleural effusion (no/yes) 114/26  (unknown=2) 
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Figure 2. Observed cell count versus time for neutrophils (A) and platelets (B). 
 
Semi-physiological model  
The semi-physiological model, with a linear function to describe the drug effect could be 
fitted to both the neutrophil and the platelet data. Estimated parameters of this model are 
listed in Table 3.  
 
Table 3. Parameter estimates of the final model. 
  Absolute neutrophil count Platelets 
 Parameter Estimate 

(RSE) 
% IIV (RSE) Estimate 

(RSE) 
% IIV (RSE) 

BASE (109/L) 5.81 (0.040) 42 (0.13) 282 (0.033) 39 (0.15) 
MTT (h) 156 (0.087) 21 (0.24) 103 (0.046) 21 (0.25) 

System related 
parameters 

γ 
 

0.16 (0.12) - 0.17 (0.085) - 

Drug-related 
parameters 
 

Slope (L/mg) 0.021 (0.11) 63 (0.32) 0.0071 (0.19) 133 (0.27) 

Residual error 
 

Proportional error (%) 47 (0.37) - 24 (0.41) - 

Factor MTT, WX4 1.47 (0.12) - - - Schedule 
dependency Factor MTT, WX4 and CIV - - 1.33 (0.086) - 

RSE: relative standard error; IIV: interindividual variability; BASE: baseline value; MTT: mean transition time; WX4: 
weekly times 4 schedule; CIV: continuous 120-hour infusion. 
 
The values of the relative standard error indicate that all parameters could be accurately 
estimated. The estimated baseline values for neutrophils and platelets were 5.81∙109/L and 
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282∙109/L, respectively. The MTT for platelets was 103 h which was shorter than for 
neutrophils (160 h). This corresponds to the fact that the platelet nadir generally occurs 
sooner than the neutrophil nadir. The effect of the feedback system was comparable for both 
cell types (0.16 and 0.17 for neutrophils and platelets respectively). The drug effect, 
expressed as slope, was higher for neutrophils (0.021) than for platelets (0.0071), with large 
interindividual variability (133%) in the case of platelets. For all other parameters, 
interindividual variability was moderate (21-63%). The residual variability of 47% and 24% 
for neutrophils and platelets respectively, indicated that the model gave an adequate 
description of the data.  
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Figure 3. Population predicted and individually predicted cell count versus observed cell count (∙109/L) for neutrophils 
(panel A and B) and platelets (panel C and D). The solid lines represent the line of identity. 
 
An Emax model was also tried to describe the drug effect instead of a linear function. 
However, this model did not improve the fit for neutrophils or platelets and Emax and EC50 
values could not be reliably estimated. In Figure 3, the model based predictions and the 
Bayesian individual predicted cell counts for both neutrophils and platelets are plotted 
versus the observed cell counts. Figure 4 presents the observed and individually predicted 
time profile of the absolute neutrophil count for a patient treated with 1000 mg/m² 
indisulam as a 1-hour infusion. Evidently, the current model gives an adequate prediction of 
the individual time course of the neutropenia and the thrombocytopenia. 
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Figure 4. Observed and individual predicted time profile of the absolute neutrophil count of a patient treated with 
1000 mg/m² indisulam as a 1-hour infusion.  
 
Schedule dependence 
To evaluate a possible schedule dependency in the hematological toxicity, the model 
parameters were allowed to differ between the schedules. For neutrophils, it appeared that 
the MTT with the WX4 schedule was significantly prolonged with a factor of 1.47 (standard 
error was 0.17). The inclusion of this parameter in the model yielded a significant decrease 
in objective function value (ΔOFV = -13) and reduced interindividual variability from 28% to 
21%. Schedule differences in MTT were also found for platelets. This parameter was 
prolonged with a factor of 1.33 (standard error was 0.12) for the WX4 and the CIV schedule. 
The objective function value significantly decreased (ΔOFV=-13) with addition of the 
schedule to the model. Furthermore, part of the interindividual variability was explained as 
this decreased from 24% to 21%.  
Several adjustments were made to the structural model to incorporate the observed 
schedule differences in a mechanistic fashion. First, a feedback system was added to MTT as 
it is known that endogenously released granulocyte-colony stimulating factor (G-CSF) 
induces both an increased proliferation rate and a shortened MTT.[25] This was modeled in 
the same way as described for the proliferation rate constant, according to (ANCbase/ANCt)γ2, 
estimating an extra parameter (γ2). However, this model did not yield a decrease in objective 
function value and the estimated value for γ2 was very small (1∙10-7), indicating that 
feedback on MTT could not be estimated.  
Secondly, the feedback mechanism on kprol was allowed to decrease as a function of the 
cumulative product of time and the ratio ANCbase/ANCt. This process was implemented as it 
has been described that the stimulating effect of growth factors eventually wears of. 
However, also this model could not improve the fit to the data as no decrease in objective 
function value was observed and the associated parameters could not be estimated.  
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Validation 
For validation purposes, we focussed on the predictive performance of the model for both 
the nadir value and the time to nadir of neutrophils and platelets. The observed median 
times to nadir for both neutrophils and platelets were included within the 90% prediction 
interval of the 100 simulated data sets for each treatment schedule (Table 4). In general, the 
same results were obtained for separate dose groups within each treatment schedule. 
However, for two dose groups (the 26 mg/m2 at the DX5 schedule and the 48 mg/m2 for the 
CIV schedule), the observed median times to platelet nadir were somewhat longer than 
predicted by the model. The prolonged MTT with neutrophils for the WX4 schedule and 
with platelets for both the WX4 and CIV schedule resulted in a longer model predicted time 
to nadir and this was consistent with the original data.  
 
Table 4. Results of the posterior predictive check: median time to nadir (unit of the presented values is hours). 
 Neutrophils  Platelets  
Schedule Observed median 90%PI Observed median 90%PI 
DX1 331 308-345 259 189-294 
DX5 357 332-381 260 235-334 
WX4 620 501-680 357 355-502 
CIV   333 297-452 296 261-392 

DX1: single 1-hour infusion every 3 weeks; DX5: daily times 5, 1-hour infusion every 3 weeks; WX4: weekly times 4, 1-
hour infusion every 6 weeks; CIV: continuous 120-hour infusion every 3 weeks.  
 
The results obtained for the prediction of the nadir value at the recommended phase II 
dosages of each treatment schedule are listed in Table 5. In general, the nadir value could be 
well predicted as the observed median nadir values were within the 90% prediction 
intervals for most of these dose groups. However, the platelet nadir with the CIV schedule 
was slightly underestimated, i.e. toxicity was overpredicted. At other dose groups with 
mainly lower dosages (data not shown), the observed median nadir values were not all 
within the 90% prediction interval. It appeared that in most of these cases, the deviations 
were an overprediction of the toxicity. At the maximum tolerated dose (data not shown), 
toxicity was somewhat underestimated. 
 
Table 5. Results of the posterior predictive check: median nadir value at the recommended phase II doses* (unit of 
presented values is ∙109/L). 
 Neutrophils  Platelets  
Schedule Observed median 90%PI Observed median 90%PI 
DX1 1.5 0.96-2.4 124 72-194 
DX5 2.8 1.1-2.9 156 87-192 
WX4 2.7 1.7-3.2 176 114-185 
CIV   2.8 1.6-3.9 82 101-224 

*Recommended doses: DX1: 800 mg/m2 (n=10); DX5: 160 mg/m2/day (n=8); WX4: 400 mg/m2/week (n=17); CIV: 130 
mg/m2/day (n=6). DX1: single 1-hour infusion every 3 weeks; DX5: daily times 5, 1-hour infusion every 3 weeks; WX4: 
weekly times 4, 1-hour infusion every 6 weeks; CIV: continuous 120-hour infusion every 3 weeks.  
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Covariate analysis  
The covariate analysis indicated statistically significant correlations between the neutrophil 
baseline and baseline LDH, the neutrophil slope and age, the platelet baseline and weight 
and between the platelet slope and baseline bilirubin. The clinical and physiological basis 
for all of these relationships was however insufficient to incorporate any of the covariates in 
the final model. 
  

Discussion 

For the clinical development of a new drug it is extremely important to fully characterize the 
toxicity profile in the target patient population, both in terms of the degree of the toxicity as 
well as the time course. The main side effect with most anticancer drugs is 
myelosuppression, resulting in severe neutropenia and/or thrombocytopenia as DLTs. A 
model describing the relationship between the pharmacokinetics and the hematological 
toxicity could enhance the understanding of the pharmacology of the new compound. So 
far, empirical models have been used most frequently to describe these relationships.[26] 
Nadir values, percentage decrease or the survival fraction of the cells have been correlated 
to pharmacokinetic measures as AUC or time above a threshold concentration.[26] Such 
models have several disadvantages. Firstly, it is not possible to describe the entire time 
course of the hematological toxicity or to predict when the nadir occurs. Furthermore, 
usually sparse hematological toxicity data are available for each patient and therefore it is 
not likely that the true nadir is known. As a consequence, the nadir count is likely to be 
overestimated with these models. The recently developed semi-mechanistic models lack 
these disadvantages and allow the description of the full cell count-time profile.[15-18] The 
model used in this study was first described by Friberg et al. and appeared to be applicable 
for the leukocyte and neutrophil decrease after treatment with different anti-cancer 
drugs.[18]  Most parameters (i.e. MTT, BASE, and γ) appeared to be consistent across the 
studied drugs and only the drug effect parameter (slope) differed between the compounds. 
In the present study, the semi-physiological model was applied to describe the neutropenia 
and thrombocytopenia after indisulam administration in four different schedules and the 
model yielded adequate predictions for both cell types. The parameter estimates for 
neutrophils can be compared to those described by Friberg et al. Estimates of the baseline 
value (5∙109/L by Friberg vs. 5.8∙109/L in the present study) and feedback (0.17 by Friberg vs. 
0.16 in the present study) were comparable. However, estimates of MTT were longer in the 
present study being 160 h as compared to 125 h.[18] 
The population predictions for neutrophils and platelets showed a deviation at the very low 
values. However, the individual profiles could be very well described. All model 
parameters and variability parameters were well estimated. The estimate of drug effect 
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(slope) was higher for neutrophils (0.021 L/mg) than for platelets (0.0071 L/mg), suggesting 
that neutrophils are more sensitive to indisulam than platelets. This is in agreement with the 
results from the AUC model where the decrease in neutrophils and platelets was related to 
the AUC value using an Emax model.[12] With this model the AUC50 value (value for AUC at 
50% of the maximum effect) for neutrophils was smaller than for platelets.[12] For platelets, 
large interindividual variability was observed with slope (133%) in this study. For all other 
parameters, interindividual variability was moderate (i.e. < 63%).  
In this study, schedule differences were found for MTT. This parameter appeared to be 
prolonged for neutrophils for the WX4 schedule and for both the WX4 and CIV schedule 
with platelets. This effect was represented in the final model by a covariate relationship 
between treatment schedule and MTT. A physiological explanation for this phenomenon 
might be that after a certain period of low counts of circulating cells, the effect of the 
endogenous growth factors decreases. Normally, these factors cause an increased 
proliferation rate of the progenitor cells and shorten the MTT.[25] Therefore, it may be 
possible that a longer MTT is observed with a more prolonged treatment period (e.g. the 
WX4 schedule) than with treatment schedules over shorter periods of time. Attempts to 
incorporate this physiological explanation in the model in a mechanistic way have so far 
been unsuccessful. The mechanism of this phenomenon remains under investigation. 
The individual parameter values of BASE, MTT and slope of the neutrophil model were 
correlated to those for platelets, indicating that the drug effect on neutrophils and platelets 
are related for an individual patient. The corresponding correlation coefficients (r) were 0.40, 
0.50 and 0.46, respectively. In general, the platelet nadir occurred before the neutrophil 
nadir as can be seen from Figure 2 and Table 4. In general, the platelet nadir occurred before 
the neutrophil nadir as can be seen from Figure 2 and Table 4. Of 25 patients who 
experienced thrombocytopenia (≥ grade 1 CTC), 21 patients also experienced  neutropenia 
(≥_grade 1 CTC). Of 115 patients with nadir platelet counts of ≥ 75∙109/L, only 23 patients 
consecutively had neutrophils counts of ≤ 2∙109 /L. Thus, the relative risk to neutropenia 
(≥_grade 1 CTC) was 4.2 among patients who did or did not experience thrombocytopenia. 
Based on these results, a patient’s neutropenia could therefore be predicted from the 
observed effect on platelets.  
Hematological toxicities were monitored at least once a week and whenever feasible twice 
weekly. Patients who were more susceptible to hematological toxic effects of indisulam and 
patients who received relatively high doses have therefore been monitored more frequently, 
which may have introduced bias in the model. There was no relationship between the 
individual estimates for slope (a parameter that reflects the susceptibility of an individual to 
the hematological effect of indisulam) and the monitoring frequency. This precludes the 
potential of bias due to high monitoring frequency in more susceptible patients. Data from 
higher dose levels will probably have had more influence on the parameter estimates than 
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data from lower dose levels. This effect was minimized by the non-linear mixed effect 
approach, but could not be completely avoided. 
The posterior predictive check was applied to evaluate the performance of the model.[23] 
The time to nadir for both neutrophils and platelets were well predicted. The nadir values at 
the different dose groups were adequately assessed as well. However, at the lower dose 
levels the observed median nadir values for platelets and neutrophils were somewhat 
higher than predicted in several cases. At these low dose levels, patients often experience no 
or only mild toxicity and the prediction of their nadir value is therefore relatively less 
relevant for purposes in clinical practice. At the highest dose levels, toxicity was somewhat 
underestimated by the model. These dosages were the MTDs of the respective studies. As 
the study design determines that no more patients are to be included at this dose level, once 
a certain number of patients has experienced a DLT, a bias may be introduced in the 
observed results of the highest dose level. The observed patients may have been relatively 
sensitive to hematological toxicity of indisulam. Simulations from the same data set would 
therefore yield relatively high nadir values. Furthermore, at the highest dose levels, nadir 
values approach the natural limit of zero in cell counts, which may have resulted in an 
underestimation of  the toxicity as well. In view of these comments, it was concluded from 
this validation procedure that the model yields adequate predictions of the time to nadir 
and nadir value of neutrophils and platelets, especially in the recommended dosages, which 
are further evaluated in later phase studies. In future research, the presented models will be 
validated by using data from phase II studies in order to assess the performance of the 
model in clinical practice. 
In conclusion, this study demonstrated the successful application of a semi-physiological 
model to describe the time course and extent of the neutropenia and thrombocytopenia after 
indisulam administration. The developed model could provide a useful tool in the further 
clinical evaluation for prediction of expected toxicity and for the evaluation of other 
treatment schedules or dose levels.  
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Abstract 

Purpose  
The anticancer agent indisulam is metabolized by the cytochrome P450 enzymes CYP2C9 
and CYP2C19. Polymorphisms of these enzymes may affect the elimination rate of 
indisulam. Consequently, variant genotypes may be clinically relevant predictors for the 
risk of developing severe hematological toxicity. The purposes of this study were to 
evaluate the effect of genetic variants of CYP2C9 and CYP2C19 on the pharmacokinetics of 
indisulam and on clinical outcome and to assess the need for pharmacogenetically guided 
dose adaptation.  
 
Experimental design  
Pharmacogenetic screening of CYP2C polymorphisms was performed in 67 patients treated 
with indisulam. Pharmacokinetic data were analyzed with a population pharmacokinetic 
model, in which drug elimination was described by a linear and a Michaelis Menten 
pathway. The relationships between allelic variants and the elimination pharmacokinetic 
parameters (CL, Vmax, Km) were tested using non-linear mixed effects modeling. 
Polymorphisms causing a high risk of dose-limiting neutropenia were identified in a 
simulation study. 
 
Results  
The Michaelis Menten elimination rate (Vmax) was decreased by 27% (p<0.0001) for 
heterozygous CYP2C9*3 mutants. Heterozygous CYP2C19*2 and CYP2C19*3 mutations 
reduced the linear elimination rate (CL) by 38% (p<0.0001). The risk of severe neutropenia 
was significantly increased by these mutations and dose reductions of 50-100 mg/m2 per 
mutated allele may be required to normalize this risk. 
  
Conclusions  
CYP2C9*3, CYP2C19*2 and CYP2C19*3 polymorphisms resulted in a reduced elimination 
rate of indisulam. Screening for these CYP2C polymorphisms and subsequent 
pharmacogenetically guided dose adaptation may assist in the selection of an optimized 
initial indisulam dosage. 
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Introduction   

Indisulam is a sulphonamide anticancer agent, which disrupts cell cycle progression in the 
G1/S transition.[1-3] Indisulam was well tolerated, but had only moderate single agent 
activity in several phase II studies.[3-8] The compound is currently being evaluated as an 
adjuvant to standard chemotherapy in multiple phase II clinical studies for the treatment of 
solid tumors. 
Phase I studies demonstrated that reversible neutropenia and thrombocytopenia were the 
dose-limiting toxicities of indisulam.[9-14] The pharmacokinetic properties of the compound 
have been extensively studied.[9-16] Drug clearance decreased with increasing dose, which 
was indicative for the saturable elimination of indisulam. A semi-physiological population 
pharmacokinetic-pharmacodynamic model was developed, which included two parallel 
pathways for drug elimination: a saturable pathway with Michaelis-Menten kinetics and a 
linear pathway.[16,17] The interindividual variability of the maximal rate of Michaelis-
Menten elimination (Vmax) was 45%. Differences between patients in hepatic metabolic 
capacity account for this variability. The pharmacokinetic-pharmacodynamic model 
demonstrated a clear relationship between pharmacokinetics and hematological toxicity.[17] 
Patients with impaired metabolic capacity may have a relatively high risk of severe 
myelosuppression due to higher drug exposure. 
Results of a clinical mass balance study demonstrated that more than 98% of indisulam is 
metabolized, before it is excreted into the urine or faeces.[18] No data regarding the activity 
or toxicity of the metabolites is available. The major metabolite, O-glucuronide indisulam, is 
formed by glucuronidation of a hydroxyl metabolite of indisulam.[18,19] The hydroxyl 
metabolite is highly reactive and is immediately conjugated to form O-glucuronide or O-
sulphate indisulam. Therefore, the formation of this hydroxyl metabolite may be a rate 
limiting process in the metabolism of indisulam.  
Hydroxylation of indisulam is catalyzed by cytochrome P450 enzymes. The contribution of 
CYP isoenzymes in CYP-dependent metabolism of indisulam was studied previously using 
human recombinant isozymes. Taking into account the human liver microsome content of 
each isozyme [20], it was estimated that CYP2C9 had the highest contribution in indisulam 
metabolism, followed by CYP2C19 (study report, Eisai Co.,Ltd., 2002). Concisely, 
hydroxylation by CYP2C9 and CYP2C19 may be rate limiting for the metabolism of 
indisulam.  
Polymorphisms in the CYP2C genes may affect the rate of elimination of indisulam. 
Consequently, treatment outcome may be altered. Furthermore, variant genotypes may be 
clinically relevant predictors for the risk of severe hematological toxicity. The purpose of the 
current study was to evaluate the effect of allelic variants of CYP2C9 and CYP2C19 on 
indisulam pharmacokinetics in cancer patients. 
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Materials and methods   

Clinical studies 
Indisulam pharmacokinetics have been extensively studied during a phase I program that 
consisted of seven clinical studies.[9-14] Indisulam was administered at various dose levels 
in 1- or 2-hour infusions every three weeks (Table 1). Full pharmacokinetic sampling was 
performed during the first treatment cycle and haematological parameters were monitored 
twice weekly. In a pharmacogenetic substudy, which was performed in three out of these 
seven trials, patients were screened for CYP2C allelic variants. Both Caucasian and Japanese 
patients were included in the substudy, because mutant allele frequencies of CYP2C9 were 
expected to be high in Caucasians and mutant allele frequencies of CYP2C19 were expected 
to be high in Japanese populations.  
Pharmacokinetic and genetic data from this substudy were the primary focus of the present 
pharmacogenetic analysis. In addition, pharmacokinetic data from the remaining four 
clinical trials were used to precisely determine the pharmacokinetic characteristics of 
indisulam. The study protocols were approved by medical ethics committees of the centers 
in which the studies were carried out. Written informed consent was obtained from each 
patient.  
 
Bioanalysis 
Indisulam plasma concentrations of the Caucasian patients were measured using a 
validated high-performance liquid chromatography (HPLC) method coupled with 
electrospray ionization tandem mass spectrometry.[21] In the Japanese population, 
concentrations were measured in plasma, plasma ultrafiltrate and erythrocytes. After 
sample pre-treatment, a validated HPLC method with UV detection was used for 
quantification of indisulam.[14] Both methods were extensively validated and cross-
validated according to FDA guidelines.[22] Considering the successful cross-validation of 
the two methods, we did not discriminate between these methods during data analysis. 
 
Genotyping analysis 
Pharmacogenetic screening of the Caucasian patients was performed for the *2, *3,*4 and *6 
mutations of CYP2C9 and for the *2, *3, *4, *5 and *6 polymorphisms of CYP2C19. DNA was 
isolated from peripheral lymphocytes using the Nucleon BACC kit (Amersham Life Science, 
Buckinghamshire, UK) and Qiagen kits (Qiagen Inc., West Sussex, UK). Fluorescent allele 
specific hybridisation was used to determine the genotype for CYP2C9*2 and CYP2C9*3. An 
amplification refractory mutation system (ARMS) was applied for CYP2C19*3 and 
CYP2C9*5. The remaining mutations were detected by real-time PCR methods. Japanese 
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patients were genotyped for the *2 and *3 mutations of CYP2C9 and CYP2C19 as described 
by Yamada et al.[14] 
 
Population pharmacogenetic data analysis 
Pharmacokinetic data of indisulam were analyzed with a previously developed population 
pharmacokinetic model using NONMEM (version V, level 1.1) (GloboMax LLC, Hanover, 
MD, USA). The analysis was performed using the first-order estimation method in 
NONMEM after logarithmic data transformation. The population pharmacokinetic model 
described the distribution and elimination of indisulam for various dosage levels and 
administration regimens, in both Japanese and Caucasian patients.[16] The elimination 
model comprised two parallel pathways: a linear pathway (described by the linear clearance 
CL) and a saturable Michaelis Menten pathway (described by a maximal elimination rate 
Vmax and a Michaelis Menten constant Km). [16]   
In the current study, the elimination model was extended to evaluate the impact of CYP2C 
polymorphisms on the pharmacokinetics of indisulam. The relationships between mutations 
of the CYP2C9 and CYP2C19 genes and each of the three elimination pharmacokinetic 
parameters (CL, Vmax and Km) were verified. 
Allelic variants were incorporated in the population model as covariate relationships, 
according to Equation 1. A pharmacokinetic parameter P had a typical value of Ppop in wild-
type patients. The typical value of heterozygous patients was equal to Ppop reduced by 
θ∙100%. Homozygous mutations were assumed to have twice the impact of heterozygous 
mutations and the corresponding typical value of P was reduced by 2∙θ∙100% as compared 
to wild-type. 
 
P = Ppop ∙ (1-(θ∙heterozygous+2∙θ∙homozygous))               (Eq.1) 
 
Polymorphisms which were observed in the study population at a frequency >2%, were 
tested for their effect on the linear elimination of indisulam (CL) and for their impact on the 
saturable elimination pathway (Vmax and/or Km). Discrimination between models with and 
without a pharmacogenetic effect was based on the log-likelihood ratio test. A p-value of 
0.001 was considered statistically significant. This univariate analysis was followed by a 
multivariate test. After inclusion of the pharmacogenetic relationships that were statistically 
significant in the univariate analysis, a backward elimination procedure was performed. 
Only effects of allelic variants that were significant in the multivariate analysis (p<0.001), 
were included in the final pharmacokinetic model. 
The CYP2C19*2 and CYP2C19*3 mutations were both known to result in non-functional 
protein.[23,24] Therefore, it would not be plausible to expect different effects of these 
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mutations on indisulam metabolism and consequently we did not discriminate between 
these mutations in the statistical analysis.  
Covariate relationships between patient characteristics and pharmacokinetic parameters 
that were previously identified were also included in the extended pharmacogenetic 
model.[16]  Hence, the value of Vmax was not only dependent on genotype, but also on body 
surface area (BSA). Moreover, the linear clearance was not only dependent on genotype, but 
also on race. A multivariate analysis was performed to verify whether genotype could 
replace race to explain a difference in CL between Caucasian and Japanese patients.  
 
Assessment of clinical relevance 
After establishment of statistically significant pharmacogenetic relationships, the clinical 
relevance of the effects of polymorphisms were assessed in the study population. The dose-
limiting toxicities of indisulam were hematological side effects such as neutropenia and 
thrombocytopenia.[13] We evaluated the role of CYP2C genotypes in the occurrence of 
grade 4 neutropenia in the patients who participated in this study. Significant relationships 
between CYP2C polymorphisms and observed nadir neutrophil counts were identified by 
the Kruskal-Wallis test using SPSS for Windows (version 11.0.1, SPSS Inc., Chicago, IL, 
USA). 
 
Simulation study of dos- limiting neutropenia 
With increasing systemic exposure to indisulam, the risk of dose-limiting hematological 
toxicity proved to be increased. A semi-physiological model of the hematological toxicity of 
indisulam has been developed previously.[17] This pharmacokinetic-pharmacodynamic 
model described the time profile of the absolute neutrophil count (ANC) after 
administration of indisulam. It was used in the current analysis to estimate the risk of dose-
limiting neutropenia, defined as an ANC of less than 0.5∙109/L during at least one week. 
With this model, patients were simulated to receive the recommended indisulam dosage of 
700 mg/m2. For each patient, the time profile of the absolute neutrophil count was generated 
and the occurrence of dose-limiting neutropenia was assessed. First, a group of wild-type 
patients was simulated. Second, heterozygous and homozygous patient groups were 
simulated for each polymorphism. Each simulated group consisted of more than 10,000 
patients. The risk of dose-limiting neutropenia was defined as the proportion of patients 
who experienced dose-limiting neutropenia. The relative risk of dose-limiting neutropenia 
for a variant genotype was the ratio of the proportions in the mutant and the wild-type 
patient group. The large number of patients in each simulated group guaranteed that the 
relative risk could be precisely estimated (relative standard error <10%). 
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Dose adaptation 
The simulation study as described above was repeated with adapted dosages of indisulam 
to determine the dose reduction needed to normalize the risk of dose-limiting neutropenia 
in patients with high risk CYP2 mutations. This analysis aimed at the development of a 
straightforward method for dose adaptation, which is feasible for implementation in clinical 
practice. 
  

Results  

Pharmacokinetic samples were obtained from a total of 213 patients. A subpopulation of 21 
Japanese and 46 Caucasian patients from three clinical studies was genotyped for 
polymorphisms in CYP2C9 and CYP2C19 genes. Patient characteristics and administered 
doses of this subpopulation are listed in Table 1. The variant alleles CYP2C9*2, CYP2C9*3, 
CYP2C9*5, CYP2C19*2, CYP2C19*3 and CYP2C19*4 were observed in the study population. 
Genotype frequencies are listed in Table 2. Observed allele frequencies in the current study 
were consistent with previously reported data in both the Caucasian and the Japanese 
subpopulation.[25-32]  
 
Table 1. Patient characteristics and dose levels. 

 Caucasian  Japanese 
Number of patients 46 21 
 
Primary tumor type   
Colorectal carcinoma 9 15 
Pancreas carcinoma 10 - 
Gastrointestinal carcinoma 3 1 
Adenonocarcinoma of unknown primary site 7 - 
Sarcoma 4 1 
Melanoma 2 - 
Lung carcinoma 4 3 
Renal cell carcinoma 2 - 
Ovarian carcinoma 2 - 
Other 3 1 
 
Patient characteristics median (range) median (range) 
Male/Female 25/21 15/6 
Weight (kg) 74  (43-119) 61  (44-79) 
Height (cm) 172  (153-193) 165  (149-180) 
Body suface area (m2) 1.88  (1.36-2.23) 1.68  (1.39-1.94) 
Age 59  (19-81) 57  (35-70) 
 
Dose level      
350 mg/m2 11  (1-h infusion) - 
400 mg/m2 - 3 (1-h infusion) 
500 mg/m2 14 (1-h infusion) - 
600 mg/m2 12 (1-h infusion) 3 (1-h infusion) 
700 mg/m2 7 (1-h infusion) 6 (2-h infusion) 
800 mg/m2 2 (1-h infusion) 6 (2-h infusion) 
900 mg/m2 - 3 (2-h infusion) 
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Table 2. Observed genotype and allele frequencies of the polymorphisms under study. 
Polymor-
phism 

Nucleo-
tide 
change 
(cDNA) 

Effect Caucasian population  Japanese population 

   Wt Het Hom Allele 
freq.(%) 

 Wt Het Hom Allele 
freq.(%) 

CYP2C9*2 C430T  R144C 35 10 1 13  21 0 0 0 
CYP2C9*3 A1075C  I359L 36 9 1 12  19 2 0 4.8 
CYP2C9*5 C1080G  D360E  45 1 0 1.1  21 0 0 0 
CYP2C9*6 818 Del A  frame 

shift 
46 0 0 0  21 0 0 0 

CYP2C19*2 G681A  splicing 
defect 

37 9 0 9.8  10 7 4 36 

CYP2C19*3 G636A  W212X 46 0 0 0  18 3 0 7.1 
CYP2C19*4 A1G  initiation 

codon 
45 1 0 1.1  21 0 0 0 

CYP2C19*5 C1297T  R433W 46 0 0 0  21 0 0 0 
CYP2C19*6 G395A  R132Q 46 0 0 0  21 0 0 0 

Wt = wild-type; Het = heterozygous mutant; Hom = homozygous mutant 
 
Effect of genomic variants on  indisulam exposure 
Drug exposure was generally increased in patients with CYP2C9 and/or CYP2C19 
mutations, which indicates that indisulam elimination was reduced by some of the CYP2C 
polymorphisms. This is demonstrated in Figure 1 for all patients who received 500 mg/m2 
indisulam. Plasma concentration versus time curves show a clear discrimination between 
mutants (both CYP2C9 and CYP2C19) and wild-types at this dose level (Figure 1A).  
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Figure 1. Plasma concentrations of wild-type patients ( ) were generally lower than concentrations measured in 
mutants ( ). In panel A, the plasma concentration time curves are depicted of all 14 patients who were treated at the 
500 mg/m2 dose level. Panel B shows the AUC values of the same 14 patients. Variant genotypes are listed (genes not 
mentioned were wild-type). 
 
The area under the concentration-versus-time curve (AUC) were higher for mutants than for 
wild-type patients (Figure 1B). Similar plots of other dose levels showed a marked effect of 
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the CYP2C19*2 variant. Patients who were heterozygous for this mutation generally had 
substantially higher AUC values than wild-type patients. Exposure was further increased in 
homozygous CYP2C19*2 mutants (data not shown). 
To our knowledge for the first time, the CYP2C9*5 polymorphism was observed in a 
Caucasian individual. The AUC of indisulam in this patient after administration of 600 
mg/m2 in a 1-hour infusion (2512 mg/L∙h) was almost two-times higher than the AUC of 
three wild-type Caucasian patients who had received the same dosage (AUC range 1035-
1458 mg/L∙h).  
 
Population pharmacogenetic data analysis 
The CYP2C9*2, CYP2C9*3, CYP2C19*2 and CYP2C19*3 mutations occurred at a frequency 
>2% and were therefore included in the statistical analysis to evaluate their effect on 
indisulam pharmacokinetics. In the univariate analysis, the relationships between the 
CYP2C9*3, CYP2C19*2 and CYP2C19*3 mutations and the Michaelis Menten elimination 
rate (Vmax) were statistically significant. The CYP2C19*2 and CYP2C19*3 polymorphisms 
also significantly reduced the linear clearance (CL). The Michaelis Menten constant (Km) was 
not significantly affected by any of the polymorphisms.  
Upon multivariate evaluation of the univariately selected pharmacogenetic effects, the racial 
difference in CL was not significantly different from 1 and was therefore excluded from the 
model. The CYP2C9*3 allelic variant was shown to significantly impair the saturable 
metabolism of indisulam by a typical 27% reduction of Vmax in heterozygous mutants 
(p<0.0001). The relationships between the CYP2C19 mutations and Vmax were not significant 
in the multivariate analysis and were excluded during the backward elimination procedure. 
The CYP2C19*2 and CYP2C19*3 polymorphisms resulted in significant reductions of linear 
elimination of indisulam (p<0.0001) and the typical value of CL was decreased by 38% in 
heterozygous patients. The final model included two pharmacogenetic effects: CYP2C9*3 
(~Vmax) and CYP2C19*2 / CYP2C19*3 (~CL) (Table 3). 
 
Table 3. Effect of heterozygous mutations on the pharmacokinetic parameters Vmax and CL.  
polymorphism effect effect size 95% CI 1 p-value 2 

CYP2C9*2 no significant effect    
CYP2C9*3 reduction of Vmax 27% 13% - 40% <0.0001 
CYP2C9*5 insufficient data    
CYP2C19*2 
CYP2C19*3 

reduction of CL 
 

38% 
 

31 % - 45% <0.0001 
 

CYP2C19*4 insufficient data    
1 The 95% confidence interval was established by likelihood profiling. 
2 The log-likelihood ratio test was used to calculate the p-value. 
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Clinical relevance of pharmacogenetic effects 
Indisulam clearance was typically reduced in patients with one or more of the genomic 
variants CYP2C9*3, CYP2C19*2 and CYP2C19*3. Consequently, these patients showed a 
higher exposure to indisulam. The CYP2C9*3, CYP2C19*2 and CYP2C19*3 polymorphisms 
were thus expected to cause a higher risk of grade 4 neutropenia.  
Data on the occurrence of hematological toxicity were available for all patients who were 
included in the pharmacogenetic substudy. Eight patients had grade 4 neutropenia at cycle 
1: three Japanese and five Caucasian patients (Figure 2). Two Japanese patients who 
received the highest dose level of 900 mg/m2 indisulam had grade 4 neutropenia. Both 
patients had the CYP2C19*2 mutation; one patient was homozygous and had a nadir 
neutrophil count as low as 0.018∙109/L and the other patient was heterozygous. A third 
Japanese patient with a neutrophil count below 0.5∙109/L was heterozygous for CYP2C19*2 
and was treated with 800 mg/m2 indisulam. Two Caucasian patients had received 800 
mg/m2 indisulam; one was homozygous for the CYP2C9*3 mutation and had severe dose-
limiting neutropenia during two weeks, while the other patient had a wildtype genotype 
and a neutrophil count below 0.5∙109/L at a single occasion. Clinical data are depicted in 
Figure 2. At the higher dose levels, nadir neutrophil counts decreased with increasing dose 
level and with an increasing number of influential mutations. Due to small patient numbers, 
significant relationships between CYP2C polymorphisms and observed nadir neutrophil 
counts could not be demonstrated. For the same reason, relative risks of severe neutropenia 
for the various mutations could not adequately be determined using clinical data.  
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Figure 2. Grade 4 neutropenia at cycle 1was observed at dose levels 600 mg/m2, 800 mg/m2 and 900 mg/m2. Nadir 
neutrophil counts of patients who were treated at these dose levels are plotted versus the number of influential 
mutations, i.e. the combined number of CYP2C9*3, CYP2C19*2 and CYP2C19*3 mutations (Caucasian patients ; 
Japanese patients ). 
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Simulation study of dose-limiting neutropenia 
The hypothesis that CYP2C9*3, CYP2C19*2 and CYP2C19*3 polymorphisms may cause a 
higher risk of dose-limiting neutropenia was confirmed by the results of the simulation 
study listed in Table 4. These results demonstrate that the risk of dose-limiting neutropenia 
was increased by 40% or more in simulated patient groups with a single polymorphism. 
Homozygous mutations or combinations of multiple heterozygous mutations may result in 
a relative risk of serious toxicity of more than 2.  
 
Dose adaptation 
The CYP2C19*2 and CYP2C19*3 mutations caused a larger increase of the risk of dose-
limiting neutropenia than CYP2C9*3. Consequently, the dosage of indisulam should be 
adapted to a larger extent for CYP2C19*2 and CYP2C19*3  than for CYP2C9*3. Each 
CYP2C19 mutation required a dose reduction of 100 mg/m2. The recommended dose 
reduction for a CYP2C9*3 mutation was 50 mg/m2. A simulation study demonstrated that 
this guidance for dose adaptation resulted in normalization of the relative risk of severe 
neutropenia (Table 4). 
Table 4. Simulated relative risk of dose limiting neutropenia after administration of indisulam in a 1-hour infusion and 
the 95% confidence intervals (in brackets). Each subpopulation consisted of at least 10,000 simulated patients. 
 
polymorphism 

Caucasian 
heterozygous 

 
homozygous 

Japanese 
heterozygous 

 
homozygous 

 
Standard dose: 700mg/m2 

    

CYP2C9*3 1.39 (1.21-1.77) 2.24 (1.45-3.27) 1.47 (1.11-1.60) NA 
CYP2C19*2 
CYP2C19*3 

1.86 (1.69-2.08) NA 1.97 (1.73-2.33) 4.51 (3.31-6.25) 

 
Adjusted dose: 700 mg/m2 – recommended dose reduction 

    

CYP2C9*3 1.03 (0.82-1.29) 1.30 (0.81-2.18) 1.09 (0.79-1.24) NA 
CYP2C19*2 
CYP2C19*3 

1.04 (0.78-1.06) NA 1.07 (0.86-1.20) 1.01 (0.69-1.62) 

NA = not applicable. These genotypes were not observed in the study population. 
 

Discussion 

In the current study, the relationships between various polymorphisms of two CYP450 
enzymes (CYP2C9 and CYP2C19) and the pharmacokinetics of indisulam were assessed. It 
was demonstrated that the elimination rate of indisulam was significantly decreased by 
CYP2C9*3, CYP2C19*2 and CYP2C19*3 polymorphisms. These CYP2C mutations caused an 
increased risk of dose-limiting neutropenia.  
The activity of the *3-mutated CYP2C9 enzyme was shown to be reduced for S-warfarin in 
vitro by Haining et al.[33] This polymorphism was also associated to poor tolbutamide 
metabolism in vivo.[34] In the current pharmacogenetic study, the *3 mutation in the 
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CYP2C9 gene reduced the Michaelis Menten elimination rate of indisulam. Thus, the 
saturable elimination pathway may correspond to hydroxylation of indisulam by 
CYP2C9.[19] 
De Morais et al. demonstrated that the *2 and *3 mutations in the CYP2C19 gene created a 
premature stop codon, resulting in a truncated non-functional CYP2C19 protein.[23,24] 
These CYP2C19 mutations were related to poor metabolism of the CYP2C19 substrate (S)-
mephenytoin [23,24] and to a reduction of the clearance of indisulam. Consequently, the 
linear elimination pathway of indisulam may represent hydroxylation by CYP2C19.[19] 
The CYP2C9*5 mutation results in lower enzymatic activity and that CYP2C19*4 represents 
a defective allele.[30,35] Therefore, the CYP2C9*5 and CYP2C19*4 polymorphisms may be 
related to reduced indisulam clearance. The AUC of indisulam in a patient who was 
heterozygous for the CYP2C9*5 mutation was indeed substantially higher than the AUC of 
three Caucasian wild-type patients who had received the same indisulam dose. Due to low 
allelic frequency, statistical significance of the effects of the CYP2C9*5 and CYP2C19*4 
polymorphisms could not be demonstrated in the present study.  
In our population of Japanese and Caucasian patients, six CYP2C polymorphisms were 
observed, which are located on chromosome 10. The occurrence of multiple polymorphisms 
on the same allele is indicated by the haplotype. Multiple polymorphisms may not be fully 
independent. It may therefore be preferable to consider the haplotype rather than the 
genotype of individual polymorphisms for data analysis. This strategy was, however, not 
suitable for the current analysis, because haplotype frequencies were too low.   
The CYP2C19 polymorphisms occurred at much higher frequencies in the Japanese 
population compared to the Caucasian population (CYP2C19*2: 36% vs. 9.8%; CYP2C19*3: 
7.1% vs. 0%). As these CYP2C19 variants significantly impaired indisulam clearance, 
Japanese patients typically have a lower CL than Caucasians. Indeed, in the previously 
published population pharmacokinetic model, Japanese patients had a 3.4 fold lower value 
for CL than Caucasian individuals.[16] This difference was not statistically significant upon 
inclusion of CYP2C19 genotype in the drug elimination model. This confirms that the lower 
linear clearance of indisulam in Japanese patients is due to genomic differences between the 
Caucasian and Japanese patient populations.  
Mixed effects modeling was used to assess the effects of CYP2C mutations on 
pharmacokinetic parameters. From a statistical standpoint, this method is superior to more 
commonly used methods in pharmacogenetic studies, where standard pharmacokinetic 
two-stage analyses are followed by conventional statistical tests in order assess differences 
between genetic subgroups.[36]  
It was demonstrated that CYP2C9*3, CYP2C19*2 and CYP2C19*3 mutations led to decreased 
indisulam clearance and increased drug exposure. A clear relationship has been established 
between indisulam pharmacokinetics and its dose-limiting toxicities, neutropenia and 
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thrombocytopenia. Based on the results of the present pharmacogenetic study and a semi-
physiological pharmacokinetic-pharmacodynamic model, it was expected that the risk of 
hematological side effects is higher for patients with variant CYP2C9 and/or CYP2C19 
alleles than for wild-type patients. A simulation study showed, that the relative risk of dose-
limiting neutropenia may be 2.2 for a homozygous Caucasian CYP2C9*3 mutant and 4.5 for 
a homozygous Japanese CYP2C19*2 mutant after administration of the recommended 
dosage of 700 mg/m2 indisulam. Patient groups in the study population were too small to 
verify these estimated relative risks of dose-limiting neutropenia with observed data on 
hematological toxicity. Nevertheless, the current clinical data imply that the CYP2C9*3 
polymorphism is predictive for the occurrence of hematological toxicity: the relative risk of 
grade 4 neutropenia was 2 in a group of 12 patients who were treated at the 600 mg/m2 dose 
level and a patient with a homozygous CYP2C9*3 genotype had more severe neutropenia 
than a wildtype patient after administration of 800 mg/m2. Furthermore, the lowest 
neutrophil nadir was observed in a Japanese homozygous CYP2C19*2 mutant patient. 
The pharmacogenetic effects may be relevant for the treatment of patients with indisulam. 
Pre-treatment genetic screening will permit planning of appropriate initial dosing for 
individual patients in order to achieve an optimal therapeutic effect. A reduced initial 
dosage for patients with high risk CYP2C mutations is recommended. This recommendation 
is based on a retrospective study of limited sample size and should therefore be carefully 
interpreted. Haplotype frequencies in the study population were insufficient to provide a 
dosing strategy for patients with variant alleles of both CYP2C9 and CYP2C19. 
In conclusion, CYP2C9*3, CYP2C19*2 and CYP2C19*3 polymorphisms were related to a 
decreased elimination rate of indisulam. Screening for these CYP2C polymorphisms may 
assist in the selection of an optimized initial indisulam dosage. It seems warranted to 
perform a prospective study to define solid recommendations for pharmacogenetically 
guided dose adjustments. 
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Abstract  

Aim  
Chemotherapy with indisulam causes myelosuppression, which is dose-limiting. The aim of 
this study was to evaluate the influence of patient-related covariates on the 
pharmacokinetics and pharmacodynamics, to identify patients at risk for severe 
myelosuppression and to develop a dosing algorithm for treatment optimization. 
 
Methods  
Semi-physiological models of indisulam pharmacokinetics and hematological toxicity were 
used for the covariate analysis. Concentrations of indisulam, neutrophil and thrombocyte 
counts and covariates (demographics, physical condition, prior treatment, concomitant 
medication, CYP2C genotype and biochemistry) of 412 patients from several phase I and II 
studies were available. Pharmacokinetic and pharmacodynamic modeling was performed 
using non-linear mixed effects modeling. A simulation study was performed to determine 
the relative risk of dose-limiting myelosuppression for the different covariates and to 
develop the dosing algorithm. 
 
Results  
Body surface area (BSA), race and CYP2C genotype had a significant impact on indisulam 
elimination (p<0.001). The inhibitory effect of indisulam on the proliferation rate of 
neutrophils was higher in patients who had received prior courses of chemotherapy 
(p<0.001), but the associated relative risk of dose-limiting myelosuppression (RR=1.06) was 
not considered clinically relevant. Low BSA, Japanese race, variant CYP2C genotype, low 
baseline neutrophil and thrombocyte counts and female sex were clinically relevant risk 
factors of dose-limiting hematological toxicity (RR>1.1). A dosing strategy was developed 
which may reduce the risk of dose-limiting myelosuppression for patient subgroups. 
 
Conclusions 
This study has identified covariates related to an increased risk of hematological adverse 
effects after therapy with indisulam. Dose individualization based on these patient related 
covariates may contribute to treatment optimization.  
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Introduction 

Indisulam is an investigational anticancer agent that has been tested in multiple single agent 
phase I and II studies. Myelosuppression was the dose-limiting toxicity in dose escalation 
studies. Based upon the phase I program, an intravenous 1-hour infusion of 700 mg/m2 was 
considered safe and was recommended for further clinical evaluation.[1] 
Even though a dose of 700 mg/m2 was well tolerated by most patients, severe hematological 
toxicity occurred in a subpopulation of patients.[2-7] Both neutropenia and thrombocyto-
penia were frequently observed. Therapy with indisulam was mainly limited by the 
occurrence of CTC (Common Toxicity Criteria [8]) grade 4 neutropenia, causing an 
increased risk of severe or even life-threatening infections.[2-7]   
The severity of hematological toxicity after treatment with indisulam showed wide 
interpatient variability. We hypothesized that patient related covariates may explain 
interindividual differences in the severity of hematological toxicity.  Identification of 
relevant patient related covariates and subsequent dose individualization may reduce 
differences in indisulam-induced myelosuppression between patients. 
A clear relationship between indisulam pharmacokinetics and its hematological toxicity was 
previously demonstrated by our group.[9] Consequently, differences in indisulam-induced 
myelosuppression are partly caused by pharmacokinetic variability. In order to minimize 
pharmacokinetic variability, the dose of indisulam is calculated based on body surface area 
(BSA). The benefit of BSA-guided dosing was confirmed in a previous population 
pharmacokinetic study.[10] In addition, we demonstrated that differences in indisulam 
pharmacokinetics were partly caused by polymorphisms of CYP2C enzymes.[11] Genetic 
information may therefore also be used for dose individualisation of indisulam. In the 
current multivariate analysis, we evaluated the impact of a large selection of patient related 
factors (demographics, physical condition, prior treatment, concomitant medication, CYP2C 
genotype and biochemistry) on the pharmacokinetic profile of indisulam. 
Differences in indisulam-induced myelosuppression may not only be caused by 
pharmacokinetic variability. Pharmacodynamic variability may also play a major role. Kloft 
et al. identified several patient related covariates as risk factors for neutropenia after 
treatment with taxanes or topoisomerase inhibitors.[12] For indisulam, the impact of patient 
related factors on the susceptibility of drug-induced myelosuppression was investigated in 
this analysis. 
Treatment with indisulam can be optimized by a priori identification of patients at risk of 
severe myelosuppression. Subsequent dose individualization may improve treatment safety 
without compromising treatment efficacy. Therefore, the aims of this study were 1) to 
investigate the impact of patient related covariates on pharmacokinetic and 
pharmacodynamic parameters related to indisulam-induced hematological toxicity, 2) to 
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identify patients at risk of developing severe myelosuppression and 3) to develop an 
algorithm for dose individualization of indisulam and to validate this algorithm in silico.  
  

Methods 

Patients and data 
Data from 7 phase I studies and 6 phase II studies were used (Table 1). Study protocols were 
approved by the Medical Ethical Committees and all patients gave written informed 
consent. Indisulam was administered in various schedules (Table 1). Indisulam concen-
trations were measured in plasma, red blood cells and plasma ultrafiltrate. Absolute 
neutrophil counts and thrombocyte counts were determined twice weekly. All treatment 
cycles that were monitored for pharmacokinetics and pharmacodynamics were included in 
the current analysis. 
 
Table 1. Overview of all studies included in the covariate analysis. 

Study Phase Number of 
patients a 

Patient selection Drug administration b Dose 
(mg/m2) 

Ref. 

1  I 40 solid tumours 1-hour infusion, day 1 50-1000 [1] 
2 I 35 solid tumours 1-hour infusion, days 1-5 10-200 [23] 
3 I 46 solid tumours 1-hour infusion, days 1,8,15 

and 22 every 6 weeks 
40-500 [24] 

4 I 29 solid tumours continuous 120-hour inf. 6-200 [25] 
5 I 21 solid tumours 1- or 2-hour infusion 400-900 [26] 
6 II 49 colorectal cancer 1-hour infusion, day 1 or  

1-hour infusion, days 1-5 
700 [2] 

7 II 44 non-small cell lung 
cancer 

1-hour infusion, day 1 or  
1-hour infusion, days 1-5 

700 [3] 

8 II 15 head and neck 
squamous cell 
carcinoma 

1-hour infusion, day 1 700 [4] 

9 II 25 breast cancer 1-hour infusion, day 1 700 [5] 
10 II 28 melanoma 1-hour infusion, day 1 700 [6] 
11 II 30 renal cell cancer 1-hour infusion, day 1 700 [7] 
12 I 34 colorectal cancer 1-hour infusion, day 1  

+ capecitabine 
350-800 [27] 

13 I 16 solid tumours 1-hour infusion, day 1 
+ carboplatin 

350-600 [28] 

a Number of patients of whom pharmacokinetic and haematological data were available. 
b Indisulam was administered every 3 weeks, unless indicated otherwise. 

 
Data analysis 
All analyses were performed using NONMEM software (version V, double precision, level 
1.1 and version VI) (GloboMax LLC, Hanover, MD, USA).[13] The First Order method was 
used to fit logarithmically transformed concentration time data. Discrimination between 
hierarchical models was based on the objective function value (OFV) of NONMEM using 
the log-likelihood ratio test.[13]  
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Pharmacokinetic and pharmacodynamic data were analyzed consecutively. The 
pharmacodynamic parameters were estimated conditional on the previously estimated 
population pharmacokinetic parameters and the pharmacokinetic data. This method has 
been described in detail by Zhang et al.[14] 
The final pharmacokinetic and pharmacodynamic model was used in simulation studies to 
assess the relative risk of dose-limiting neutropenia for various patient related covariates 
and to develop an algorithm for dose individualization (see below). 
  
Basic pharmacokinetic and pharmacodynamic model 
Semi-physiological models of indisulam pharmacokinetics and its hematological toxicity 
have been developed.[9,15] This pharmacokinetic model consisted of four semi-
physiological compartments: plasma (PL), red blood cells (RBC), interstitial fluid (IF) and 
tissue (TIS) (Figure 1). Indisulam was saturably bound to plasma proteins in plasma and in 
interstitial fluid (Bmax PL, KD PL, Bmax IF, KD IF), to carbonic anhydrase in red blood cells (Bmax RBC, 
KD RBC) and to tissue components (Bmax TIS, KD TIS). In addition, indisulam was non-specifically 
bound to red blood cells and tissue components (NRBC, NTIS). Drug elimination was 
described by two parallel pathways: a linear elimination pathway (CL) and a saturable 
Michaelis Menten pathway (Vmax, Km).  
The volumes of blood (calculated from gender and body surface area), red blood cells and 
plasma (calculated from the blood volume and hematocrit) and interstitial fluid (calculated 
from body weight) were based on relationships that were supported by previous 
publications.[16,17] As indisulam was saturably bound to albumin, the maximal binding 
capacity of indisulam in plasma and in interstitial fluid was related to the plasma albumin 
level. These physiological-based relationships were part of the basic pharmacokinetic model 
of indisulam, but the basic model was free of any empirically determined covariate 
relationships.  
The basic pharmacokinetic model of indisulam also comprised an interaction model of a 
pharmacokinetic drug-drug interaction with capecitabine. Indisulam elimination was 
reduced by concomitant treatment with capecitabine in a time-dependent manner. A 
metabolite of capecitabine probably inhibits the synthesis of active CYP2C9 enzyme. An 
interaction model was previously developed to describe the effect of capecitabine on 
indisulam pharmacokinetics.[18] Briefly, an enzyme turnover model of 5 sequential transit 
compartments was used to account for the drug-drug interaction between indisulam and 
capecitabine for patients who were included in study 12 (Table 1). The input into the 
enzyme turnover model was blocked during treatment with capecitabine, which resulted in 
a reduction of the amount a active enzyme and a consequent reduction of the saturable 
elimination rate of indisulam. The mean transit time of the enzyme (MTTenzyme) was 
estimated.[18] 
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A model of hematological toxicity comprised a progenitor compartment of proliferating 
blood cells, three transit compartments representing maturation chain in the bone marrow 
and a compartment corresponding to the central circulation (Figure 1). This model was 
linked to the pharmacokinetic model by a linear function (slope ∙Cindisulam) that corresponded 
to the inhibition of cell proliferation by indisulam.[9]  
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Figure 1. Graphical representation of the pharmacokinetic and pharmacodynamic model of indisulam. The dashed 
arrow corresponds to the myelosuppressive effect.  
Bmax: maximal specific binding capacity; KD: equilibrium dissociation constant; N: non-specific binding constant; 
Q:_intercompartmental clearance; CL: clearance; Vmax: Michaelis Menten maximal elimination rate; Km: Michaelis 
Menten constant; kprol: proliferation rate constant of progenitor blood cells; ktr: transition rate constant. 
 
The previously published pharmacokinetic and pharmacodynamic models have been 
developed using data from 5 phase I studies. In the current analysis, data from 8 additional 
studies were available. Therefore, the basic model could be further optimized prior to the 
covariate analysis. The structural pharmacokinetic model was re-evaluated. For the link 
function between Cindisulam and the inhibition of cell proliferation (slope ∙ Cindisulam), the free 
concentration of indisulam in plasma was used, as opposed to the total plasma 
concentration. Baseline neutrophil and thrombocyte counts were estimated from the last 
measurement that was performed prior to the first administration of study treatment. 
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Covariate analysis 
Potentially relevant covariates were tested to be related to pharmacokinetic and/or 
pharmacodynamic parameters of indisulam. A pre-specified analysis plan was used. We 
used an a priori defined analysis plan. Only covariate relationships that were considered 
plausible were evaluated (Table 2). For instance, we investigated the effect of the 
concomitant use of granulocyte colony-stimulating factor (G-CSF) on the turnover time of 
blood cells, on the cytotoxic effect of indisulam and most importantly on the feedback 
parameter γ, which represented the effect of endogenous growth factors (Figure 1). Prior 
treatment might have resulted in bone marrow damage and thus might be related to 
pharmacodynamic parameters. Concomitant use of inductors and inhibitors of the 
cytochrome P450 2C enzymes and genetic variation of these enzymes might have impact on 
the  biotransformation of indisulam. Demographic covariates were related to pharmaco-
kinetic and pharmacodynamic parameters. 
Selection of covariate relationships was based on statistical significance using the log-
likelihood ratio test. Covariate effects that were significant at a level of 0.05 in univariate 
analysis were included into an intermediate model. The significance level during backward 
elimination was more strict (p<0.001).  
For the covariates included in the model after backward elimination, the contribution of 
each individual to the difference in objective function value (between the full and the 
reduced model) was calculated. These individual differences in the objective function values 
were used as a tool for identification of relationships based on data from single or very few 
individuals.[19]  
Dichotomous (DI), ordinal (OR) and continuous (CO) variables were tested and the 
respective covariate relationships were defined according to Equation 1, Equation 2 and 
Equation 3, respectively. Dichotomous variables were either 0 or 1. Ppop was the typical 
population value of parameter P and Pg corresponded to the typical value of P for the gth 
group of individuals with identical covariate values. The value of the covariate factor CF 
determined how strong P was influenced by the covariate.  
 
Pg=Ppop ∙ (1+CF)DI g                  (Eq.1) 
 
Pg=Ppop ∙ (1+CF∙OR)                  (Eq.2) 
             
                        COg         CF 
Pg=Ppop ∙                     (Eq.3) 
                 median CO 
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Table 2. Patient related covariates that were tested for their impact on the PK-PD parameter of interest. 
Covariate Observed values in study population 

(n=412) 
PK/PD parameter of interest 

 
Physical condition 

  

ascites  yes     44 
no   330 
missing     38 

VISF, CL, Vmax 

liver metastates yes   133 
no   238 
missing      41 

CL, Vmax 

ECOG performance status [29] 
(=W.H.O. score) 

0   190 
1   179 
2     27 
missing     16 

PK parametersa and  
PD parametersb 

 
Demographics 

  

race Caucasian   347 
Japanese/Oriental     24 
Hispanic            6 
Black       7 
missing     28 

PK parametersa  

sex male   229 
female   183 

PK parametersa and  
PD parametersb 

age (years) range                   19-82 
median                       57 

PK parametersa and  
PD parametersb 

weight (kg) range                 41-145 
median     69 

PK parametersa 

height (cm) range                                           145-203 
median      168 

PK parametersa 

body surface areac (m2) range             1.33-2.44 
median                    1.78 

PK parametersa 

 
Prior treatment 

  

radiotherapy yes   166 
no   224 
missing     22 

PD parametersb 

prior chemotherapy  
(number of courses) 

0     94 
1 or 2   209 
3 or more       88 
missing     21 

PD parametersb 

prior platinum-based chemotherapy 
 

yes   155  
no   231 
missing     26 

PD parametersb 

 
Concomitant medication 

  

G-CSF yes       9  
no   382 
missing                        21 

PD parametersb 

CYP2C inductors f yes     60  
no   331 
missing     21 

CL, Vmax 

CYP2C inhibitors f yes    116 
no   275 
missing     21 

CL, Vmax 

 
 
Continued next page 
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Table 2. Continued. 
Genotype   
CYP2C9  
(*3 polymorphism) 

wildtype       53 
heterozygous     11 
homozygous       1 
missing   347 

CL, Vmax 

CYP2C19  
(*2 and *3 polymorphism) 

wildtype            43 
heterozygous     17 
homozygous      5 
missing                347 

CL, Vmax 

 
Blood chemistry 

  

ALAT (U/L) rangee                    5-114 
median          19 
missing                    n=31 

CL, Vmax 

bilirubin (umol/L) rangee                   3.0-21 
median    8.0 
missing                    n=30 

CL, Vmax 

creatinine clearanced (ml/min) rangee                  45-155 
median     82 
missing             n=30 

CL, Vmax 

a  PK parameters describing tissue distribution and drug elimination  
  (Q IF-TIS ,N TIS ,Bmax TIS, KD TIS, Vmax, CL).  
b  PD parameters for neutrophils (NEU) and platelets (PLT), describing the mean transit time (MTTNEU, 

MTTPLT) , the impact of the positive feedback mechanism (γ NEU, γ PLT) and the cytotoxic potency of 
indisulam (slope NEU, slope PLT). 

c  Calculated from weight and height according to the Dubois-Dubois formula. 
d  Calculated from sex, age, weight and serum creatinine according to the Cockcroft-Gault formula. 
e   Range was reported as the 2.5-97.5 percentiles in order to exclude outliers.    
f   Cytochrome P450 inductors and inhibitors were selected according to the Cytochrome P450 Drug-

Interaction Table from the Indiana University Department of Medicine.  
 [http://medicine.iupui.edu/flockhart/table.htm] 
 
Missing covariates 
Patients with missing categorical covariates were considered as an additional subgroup with 
their own typical parameter value. Missing continuous covariates were estimated from log-
normal distributions. The geographic mean and variance of missing covariates were 
assumed to be identical to the geographic mean and variance of observed continuous 
covariate values.  
 
Random effect models 
Variances of random differences between individuals in each pharmacokinetic parameter 
were estimated using exponential models (Equation 4). In this equation, Pi represents the 
value of parameter P for the ith individual, Pg is the typical group value and η is the 
interindividual random effect with mean 0 and variance ω2. 
 
Pi=Pg ∙ eηi                               (Eq.4) 
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Differences between observed and individual predicted concentrations, resulting from 
measurement error and model misspecification, were also regarded as random effects and 
were modeled as exponential errors using: 
 
ln(Cobs ij)=ln(Cpred ij)+εij                             (Eq.5) 
 
where ε is the residual error with mean 0 and variance σ2, representing the difference 
between the natural logarithm of the jth observed concentration in the ith individual 
(ln(Cobs_ij)) and its respective prediction (ln(Cpred ij)). The variances of the residual errors of 
baseline neutrophil and thrombocyte counts and the variances of the residual errors of post-
treatment neutrophil and thrombocyte counts were assumed to be identical, respectively. 
 
Clinical relevance 
Statistically significant covariates were tested for clinical relevance. The risk of 
hematological dose-limiting toxicity (DLT), defined as neutropenia CTC grade 4 during > 7 
days or thrombocytopenia CTC grade 4, was used to assess clinical relevance . Groups of 
patients were simulated to determine the relative risk of hematological DLT for each 
covariate after administration of 700 mg/m2 indisulam in a 1-hour infusion. The covariate in 
question was set to the 2.5 percentile (group 1), the 50 percentile (group 2) or the 97.5 
percentile (group 3) of the observed covariate values. The other covariates corresponded to 
the observed covariates in the study population. Each observed combination (n=412) was 
used 10 times in each simulated group. Consequently, each group comprised 4,120 patients.  
The relative risks of group 1 and 3 were defined as the ratios between the frequencies of 
hematological DLT in group 1 and 3, and the frequency of hematological DLT in group 2. A 
covariate effect was considered clinically relevant if the relative risk of hematological DLT 
after treatment with 700 mg/m2 indisulam was estimated to be less than 0.9 or more than 1.1 
for either group 1 or group 3.  
For a group size of 4,120 patients, the complete 95% confidence interval of the simulated 
relative risk was between 0.9 and 1.1 for covariates with no effect on clinical outcome. For 
covariates that were related to a 20% change in the risk of severe neutropenia, the 95% 
confidence interval of the simulated relative risk was completely below 0.9 or completely 
above 1.1. Therefore, this strategy guaranteed exclusion of covariates with no effect on 
clinical outcome (confidence level >0.95) and selection of covariates that were related to a 
20% change in the risk of severe neutropenia (power >0.95). 
In this simulation study, each patient related covariate was individually assessed for its 
relative risk of dose-limiting myelosuppression. However, WT and BSA were highly 
correlated and were therefore simultaneously evaluated, which resulted in a relative risk for 
small (WT=42 kg and BSA=1.42 m2) and large (WT=109 kg and BSA=2.25 m2) body size. 
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Identification of patients at risk 
The final model, including all covariates that were statistically significant, was applied to 
identify patients at risk. In this part of the simulation study, the impact of real-life 
combinations of covariates (e.g. female sex, Japanese race, small body size, CYP2C19*1/*3 
genotype) was assessed in contrast to an evaluation of single covariate. To avoid bias caused 
by correlation between the various patient related covariates, only combinations of 
covariates that were observed in the study population (n=412) were taken into 
consideration. Using the observed combinations of patient related covariates, 412 groups of  
1,000 patients were simulated to receive 700 mg/m2 indisulam in a 1-hour infusion. The risk 
of severe neutropenia was defined as the proportion of patients who experienced CTC grade 
3 or 4 neutropenia. The group size of 1,000 patients guaranteed a small relative standard 
error of the risk simulation (0.05 for a proportion of 0.3). The 412 combinations of covariates 
were ranked according to the risk of severe neutropenia. Covariate values of patients 1-41 
(top 10%) were compared to the covariate values of patients 372-412 (lower 10%) in order to 
verify which covariates were related to high or low risk of severe neutropenia. The 
relationships between each covariate and the risk of severe neutropenia were visualized in 
scatter plots. 
 
Algorithm for dose individualization 
A selection of clinically relevant patient related factors was included in the dosing 
algorithm. The covariate values of each patient were used to calculate a score and an 
individualized dose. Various algorithms for dose individualization were evaluated by the 
same method that was used to identify patients at risk. Using the observed combinations of 
patient related covariates, 412 groups of  1,000 patients were simulated to receive an 
individualized dose of indisulam in a 1-hour infusion. The algorithm that resulted in 
minimization of the correlation between each patient characteristic and the risk of severe 
neutropenia, was selected.  
  

Results 

Patients and data 
Pharmacokinetic and hematological measurements were available from 412 patients. These 
patients received a total of 1263 treatment cycles (median: 2 cycles). Indisulam 
concentrations in plasma (n=6349) were measured in 594 treatment cycles. In a subgroup of 
patients (n=21), concentrations of indisulam were determined in red blood cells (n=308) and 
in plasma ultrafiltrate (n=42). Absolute neutrophil counts (n=2669) and thrombocyte counts 
(n=2762) were available from all patients. 
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Optimization of basic pharmacokinetic and pharmacodynamic model 
The pharmacokinetic model was improved with the addition of an extra peripheral 
compartment (ΔOFV=-760). The concentration of albumin in the extra peripheral 
compartment was assumed to be the same as in interstitial fluid. The inter-compartmental 
clearance between the interstitial fluid compartment and the extra peripheral compartment 
was large (771 L/h). The volume of distribution was estimated at 19.3 L.  
The relationship between indisulam pharmacokinetics and the inhibition of cell proliferation 
was modeled by a linear function (slope ∙ Cindisulam). The likelihood of the model increased 
(ΔOFV=-8) when total plasma concentrations were replaced with free plasma concentrations 
of indisulam.  
 
Patient related covariates 
Table 2 lists the frequencies and observed ranges of the patient related covariates that were 
evaluated in this covariate analysis. Data on physical condition, demographics, prior 
treatment, concomitant medication and clinical chemistry parameters could be retrieved for 
the majority of the patients. For each covariate, Table 2 indicates the number of patients with 
an unknown value. Genotype data were available for patients who participated in studies 5, 
12 and 13 (Table 1). Baseline neutrophil counts (median 5.3∙109/L, missing n=51) and baseline 
thrombocyte counts (287∙109/L, missing n=42) were part of the basic models of neutropenia 
and thrombocytopenia.  
 
Covariate selection for pharmacokinetic parameters 
Out of 61 covariate relationships that were tested in univariate analyses, 28 were statistically 
significant. Six covariate relationships remained after backward elimination. The pharmaco-
kinetic parameter estimates of the final model are listed in Table 3. More details of the 
significant covariate relationships are presented in Table 4. 
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Table 3. Parameter estimates of the final pharmacokinetic and pharmacodynamic model. 
   Typical 

value 
Inter-
individual 
variability 

Significant covariates  

 
Pharmacokinetic model 

    

Bmax PL binding capacity PL protein (mg/L) [albumin]PL   
KD PL dissociation constant PL protein (mg/L) 0.25b (fixed)   
Q PL-RBC intercompartmental CL PL-RBC (L/h) 3780   
N RBC non-specific binding const. RBC  91.8   
Bmax RBC binding capacity RBC (mg/L) 57.9 27 %  
KD RBC dissociation constant RBC (mg/L) 0.00260   
Bmax IF binding capacity IF (mg/L) Bmax PL ∙ 

50%c (fixed) 
  

KD IF dissociation constant IF (mg/L) 0.25b (fixed)   
Q IF-TIS intercompartmental CL IF-TIS (L/h) 2630 70 %  
N TIS non-specific binding const. TIS  9.74 87 %  
Bmax TIS binding capacity TIS (mg/L) 5.79 61 % WT 
KD TIS dissociation constant TIS (mg/L) 0.0261   
Q IF-periph. intercompartmental CL IF-periph. (L/h) 771   
V periph. volume peripheral compartment (L) 19.3   
Vmax maximal elimination rate (mg/h) 4.30 52 % CYP2C9*3 

BSA 
race 

Km Michaelis Menten constant (mg/L) 0.0013   
CL plasma clearance (L/h) 132  CYP2C19*2/*3 

WT 
MTT enz.yme mean transit time enzyme 

(capecitabine interaction)  
(h) 195   

 
Pharmacodynamic model 

    

MTT neu mean transit time neutrophils (h) 134  sex 
G-CSF 

γ neu feedback parameter neutrophils  0.157   
slope neu cytotoxic potency for neutrophils (L/mg)a 16.4 87 % prior chemotherapy 

G-CSF 
MTT plt mean transit time platelets (h) 105  sex 

G-CSF 
γ plt feedback parameter platelets  0.165  G-CSF 
slope plt cytotoxic potency for platelets (L/mg) a 10.7 120 % age 

G-CSF 
ρ slope neu~plt correlation coefficient slopes  0.92   
 
Residual error 

    

C PL total total plasma conc. indisulam (%) 33   
C PL free free plasma conc. indisulam (%) 38   
C RBC conc. indisulam in erythrocytes (%) 11   
ANC absolute neutrophil count (%) 37   
TC thrombocyte count (%) 27   

a Based on free plasma concentrations of indisulam. 
b The equilibrium dissociation constant was determined in a previous non-dynamic analysis.[30] 
cThe albumin concentration in interstitial fluid was assumed to be 50% of the plasma level.[31] 
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Table 4. Statistically significant covariate relationships and their clinical relevance. 
 Related 

parameter g 
Covariate effect Relative risk (RR) of dose limiting 

haematological toxicity 
 
Pharmacokinetic covariates 

   

body surface area (m2) Vmax (BSA/1.78)1.20 BSA=1.42 / WT = 45  RR= 1.13 
race e Vmax (1+0.613)race Japanese  RR= 1.19 
WT (kg) CL (WT/69)0.75 WT = 45 / BSA=1.42  RR= 1.13 
WT (kg) Bmax TIS (WT/69)-0.621 WT = 45 / BSA=1.42  RR= 1.13 
CYP2C9 *3 polymorphismd Vmax (1-0.309 MUT) heterozygous  RR= 1.15 

homozygous  RR= 1.38 
CYP2C19 *2 /*3 polymorphismd CL (1-0.487 MUT) heterozygous  RR= 1.45 

homozygous  RR= 2.34 
 
Pharmacodynamic covariates 

   

sex b   MTT neu (1+0.225) sex female  RR= 1.18 
G-CSF a   MTT neu (1-0.263)G-CSF not evaluated f 
G-CSF a   slope neu (1+1.04)G-CSF not evaluated f 
prior chemotherapy (PC c) slope neu (1+PC 0.0994) PC=2  RR= 1.06 
sex b  MTT plt (1+0.214) sex female  RR= 1.18 
G-CSF a   MTT plt (1+0.438) G-CSF not evaluated f 
G-CSF a   γ plt (1+0.422) G-CSF not evaluated f 
G-CSF a   slope plt (1+2.57) G-CSF not evaluated f 
age (years) slope plt (age/57)-0.612 not evaluated f 

a 0=no;1=yes 
b 0=female; 1=male 
c no prior chemotherapy: PC=0; one or two prior courses: PC=1; three or more prior courses: PC=2 
d MUT=number of mutated alleles (wildtype: MUT=0; heterozygous: MUT=1; homozygous: MUT=2) 
e 0=Japanese;1=Caucasian/Hispanic/Black 
f low predictive value (see Results - Covariate selection for pharmacodynamic paremeters) and therefore not further 
evaluated 
g Vmax: maximal saturable elimination rate; CL: clearance; Bmax TIS: maximal binding capacity in tissue; MTT: mean transit 
time of neutrophils (neu) and platelets (plt); slope: cytotoxic potency of indisulam; γ: feedback parameter representing 
the effect of endogenous growth factors. 
 
Both the linear and the saturable elimination rates of indisulam were related to measures of 
body size. The linear clearance (CL) of indisulam was significantly related to body weight 
(CLg=CLpop∙[WT/69]CF, see Equation 3). The covariate factor CF was not significantly 
different from 0.75, which is in accordance with allometric scaling.[20] Patients with a BSA 
of 2.1 m2 had a 22% larger Vmax than patients with median BSA. The maximal elimination 
rate Vmax was reduced by 31% for heterozygous CYP2C9*3 mutations and the linear 
clearance was reduced by 49% for heterozygous *2 or *3 mutations in the gene encoding for 
CYP2C19. As expected, the typical values of Vmax and the linear clearance for patients with 
unknown genotype were between the values for wildtype patients and patients with a 
variant genotype. Caucasian patients had a 61% larger Vmax than Japanese patients. Body 
weight was inversely related to specific binding of indisulam in body tissue.  
In addition, ascites was borderline significantly related to the clearance of indisulam. The 
impact of ascites on indisulam pharmacokinetics could be accounted for by an increased 
distribution volume of indisulam for patients with ascites, but the volume of the extra 
peripheral compartment was not different for patients with and without ascites. 
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Covariate selection for pharmacodynamic parameters 
Table 3 shows the pharmacodynamic parameter estimates of the final model and the 
covariate relationships that were statistically significant are listed in Table 4. The turnover 
time of neutrophils and thrombocytes was shorter for females than for males. Prior 
chemotherapy was related to higher sensitivity of neutrophils to the cytotoxic effect of 
indisulam.  
Concomitant use of granulocyte colony stimulating factor (G-CSF) did not significantly 
affect the feedback parameter γ of neutrophils. Instead, G-CSF was related to the turnover 
time of neutrophils and thrombocytes. Furthermore, patients who were treated with G-CSF 
were significantly more susceptible to the myelopsuppressive effect of indisulam. 
Administration of G-CSF was only considered for patients who experienced serious 
hematological toxicity. It is therefore unlikely that treatment with G-CSF caused an increase 
in hematological toxicity of indisulam (see discussion). Hence, the impact of G-CSF 
treatment on clinical outcome was not further investigated in simulation studies.  
The statistical covariate analysis suggested that the cytotoxic potency of indisulam for 
thrombocytes was reduced in older patients (ΔOFV=-17). However, the individual difference 
in the objective function value was large for one patient (ΔIOFV=-25) and very small for the 
other 411 patients. This demonstrated that the effect of age on the inhibition of cell 
proliferation was driven by a single patient and this relationship was not taken into account 
in further simulation studies. 
 
Clinical relevance 
The overall risk of hematological DLT at the first cycle of treatment with 700 mg/m2 
indisulam was 0.32. The relative risk was larger than 1.1 for female patients (RR=1.18) as 
well as for patients from Japanese origin (RR=1.19), with small body size (RR=1.13 for 
WT=45 kg and BSA=1.42 m2), with a variant CYP2C9 genotype (RR=1.38 for homozygous 
CYP2C9*3 mutants) and with a variant CYP2C19 genotype (RR=2.34 for homozygous 
CYP2C19*2 or *3 mutants) (Table 4). Despite the fact that a BSA-based dosing strategy was 
employed, body size had a moderate impact on the risk of severe neutropenia after a 700 
mg/m2 dose (RR=1.13 for WT=45 kg and BSA=1.42 m2). Prior chemotherapy did not lead to a 
clinically relevant increase in risk of toxicity (Table 4). 
 
Identification of patients at risk 
Despite BSA-based dosing (700mg/m2), the 10% patients with the highest risk of dose-
limiting myelosuppression had a smaller body size as compared to the 10% lowest risk 
patients (Figure 2A and 2B). High risk patients also had lower baseline blood cell counts  
(Figure 2C and 2D). Moreover, the high risk group comprised more female (34 vs 12) and 
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Japanese patients (14 vs 0) than the low risk group and more high risk patients had one or 
more CYP2C19 mutations (13 vs 1).  
The patient with the lowest risk of dose-limiting hematological toxicity was a Caucasian 
male patient with large body size (BSA=2.23 m2, weight=119 kg) and a wildtype CYP2C 
genotype. The patient with the highest risk was a Japanese female patient with small body 
size (BSA=1.4 m2, weight=47 kg) who was homozygous for the CYP2C19*2 mutation.  
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Figure 2. Box-and-whisker diagrams of covariates in the 10% highest and the10% lowest risk patients after treatment 
with 700 mg/m2 indisulam administered in a 1-hour infusion. Body surface area (A), weight (B), baseline neutrophil 
count (C) and baseline thrombocyte count (D) were lower in the high risk group. The boxes correspond to the 
interquartile range (IQR) Q25-Q75 and observations more than 1.5∙IQR below Q25 or more than 1.5∙IQR above Q75 are 
indicated ( ).  
 
Algorithm for dose individualization 
The clinically relevant patient related covariates were considered for inclusion into the 
dosing strategy. Baseline platelet and neutrophil counts were correlated and it was therefore 
sufficient to only include the baseline neutrophil count into the dosing algorithm. BSA-
based dosing was superior over weight-based dosing. Female and Japanese patients 
required a dose reduction as well as patients with a mutant CYP2C genotype. Table 5 shows 
the proposed algorithm for dose individualization of indisulam. The proposed indisulam 
dose for Caucasian male patients with a wildtype CYP2C genotype and a baseline 
neutrophil count between 4∙109/L and 8∙109/L was 775 mg/m2. Patients with female sex, 
variant CYP2C genotype, Japanese race and/or a baseline neutrophil count below 4∙109/L 
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required a reduced dose. Conversely, a dose increment was indicated for patients with a 
baseline neutrophil count above 8∙109/L. In Table 5, two examples of the application of the 
dosing algorithm are presented. A dose of 900 mg/m2 is recommended for a Caucasian male 
patient with a wildtype genotype and a baseline neutrophil count of 9∙109/L and a dose of 
375 mg/m2 is recommended for a Japanese female patient who is homozygous for the 
CYP2C19*2 mutation.  
 
Table 5. Algorithm for dose individualization of indisulam. 

Patient characteristic Score Example 1 ‡ Example 2 * 
 
Sex 

   

 Female  -3  -3 
 Male   0 0  
 
CYP2C genotype 

   

 wildtype   0 0  
 heterozygous CYP2C9*3  -2   
 homozygous CYP2C9*3  -4   
 heterozygous CYP2C19*2 or *3  -6   
 homozygous CYP2C19*2 or *3 -12  -12 
 
Race 

   

 Caucasian   0 0  
 Japanese  -1  -1 
 
Baseline neutrophil count 

   

 < 4⋅109/L  -5   
 > 8⋅109/L  +5 +5  
 
Total score 

    
+5 

   
-16 

 
Individual dose (mg/m2) 

 
775 + total score∙25 

 
900 

 
375 

‡  Example 1: application of the dosing algorithm for a Caucasian male patient with a wildtype genotype and a baseline   
neutrophil count of 9⋅109/L. 
* Example 2: application of the dosing algorithm for a Japanese female patient with a *2/*2 genotype for CYP2C19. 
 
Correlations between risk factors and the risk of severe myelosuppression resolved upon the 
application of this dosing algorithm (Figure 3). Figure 4 demonstrates that some patients 
required a reduced dose of indisulam in order to enhance treatment safety. Conversely, 
around 50% of the patients could be treated with a higher dose than the standard 700 
mg/m2, which may be beneficial for treatment efficacy.  
The overall risk of dose-limiting myelosuppression was the same for the original BSA-based 
dosing strategy (risk=0.32) and the new dosing algorithm (risk=0.33). However, the 
distribution of the individual risk probability for dose-limiting toxicity was wider with BSA-
based dosing as compared to the new dosing algorithm (Figure 5). In order to produce 
Figure 5, the individual risk of dose-limiting myelosuppression was calculated for each of 
the 412 patients. Patients were ranked from low to high risk, resulting in a patient ranking 
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number (1-412). This number was plotted against the risk of dose-limiting hematological 
toxicity. The distribution was narrowed and the risk of dose-limiting myelosuppression was 
partly equalized by the application of the new dosing algorithm. All patients had a risk 
between 15% and 55% after application of the new dosing strategy, in contrast to the BSA-
based dosing where the risk was between 14% and 78%. 
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Figure 3. Plots of the risk of severe myelosuppression versus baseline neutrophil counts (A) and CYP2C19 genotype 
(C) after treatment with 700 mg/m2 indisulam administered in a 1-hour infusion. Panels B and D show the 
corresponding plots after application of the dosing algorithm. 

 

0

20

40

60

80

100

120

140

400 500 600 700 800 900

dose (mg/m2)

fr
eq

ue
nc

y

recommended dose 
for BSA-based dosing

        

0

10

20

30

40

50

60

70

600 1000 1400 1800

dose (mg)

fr
eq

ue
nc

y

 
Figure 4. Distribution of individual indisulam doses based on the dosing algorithm, calculated for each of the 412 
patients in the study population, in mg/m2 (A) and as an absolute dose after correction for body surface area (B). 
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Figure 5. The distribution of the risk probability for the study population (n=412) for flat dosing ( ), BSA-based dosing 
( ) and for the dosing algorithm ( ). Patients were ranked from low risk (lower left) to high risk (upper right). The 
application of the dosing algorithm resulted in a more uniform distribution of the risk, which resulted in a steeper 
curve. 
 

Discussion 

In this study, we evaluated the impact of patient related covariates on indisulam-induced 
myelosuppression. Patients with low neutrophil counts and/or polymorphisms of the gene 
encoding for the CYP2C enzymes had an increased risk of severe neutropenia after 
treatment with indisulam. Additional risk factors were female sex and Japanese race. These 
risk factors were included into a dosing algorithm for individualization of treatment with 
indisulam.  
The baseline neutrophil count was identified as the most important characteristic for dose 
individualization of indisulam. Neutrophil counts are determined as routine clinical practice 
prior to chemotherapy. If these cell counts are below predefined criteria, a dose delay may 
be indicated. This study shows that neutrophil counts can not only be used to determine 
whether a patient’s condition allows treatment with indisulam, but also to define which 
dose is required for treatment optimization. 
In this study, it was assumed that patients are optimally treated by the highest safe dose of 
indisulam. This assumption seems reasonable for the cell cycle inhibitor indisulam, but 
future studies to further investigate the relationship between drug exposure and antitumour 
effect are warranted. 
The impact of CYP2C polymorphisms on the risk of myelosuppression was previously 
investigated by our group. In this previous study, the CYP2C9*3 polymorphism was 
significantly related to a reduced maximal elimination rate (Vmax) of indisulam.[11]  
Concurrent treatment with capecitabine was also related to a reduction of Vmax.[18] Upon 
multivariate analysis in the current study, the effect of the CYP2C9*3 mutation was not 
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statistically significant due to correlation of CYP2C9 genotype and concomitant use of 
capecitabine in the study population.  
High body weight was related to low maximal binding capacity of indisulam in body tissue. 
This implies that the binding capacity of fat tissue is lower than the binding capacity of lean 
body tissue. High body weight was also related to high indisulam clearance. The ¾ power 
law of allometric scaling was successfully applied to include this effect into the covariate 
model.[20] 
The effect of G-CSF was previously demonstrated by Kloft et al.[12] The feedback parameter 
γ was increased in patients who received G-CSF after chemotherapy. This effect was not 
demonstrated in the current study. Conversely, the cytotoxic effect of indisulam was 
relatively high in patients who were treated with G-CSF. This observation is most likely due 
to selection bias: patients who were very sensitive to the cytotoxic effect of indisulam were 
treated with G-CSF on medical indication.  
In the previously published models of chemotherapy-induced neutropenia and 
thrombocytopenia, the cytotoxic effect of anticancer drugs was related to total plasma 
concentrations. In the current study, however, the cytotoxic effect of indisulam was 
considered proportional to its free plasma concentrations. This consideration was in 
accordance with the free-drug hypothesis, which suggests that only free drug in plasma 
determines in vivo drug effects. This has been demonstrated for several drugs, such as 
lidocaine and beta-receptor antagonists.[21,22] For indisulam, the likelihood of the 
myelosuppression model was increased indeed when free plasma concentrations of 
indisulam were used instead of total plasma concentrations. 
Special consideration was given to the problem of missing covariates in this analysis. It was 
attempted to estimate missing covariates from a mixture model (nominal data) and from 
log-normal distributions (continuous data). Unfortunately, the mixture method resulted in 
unacceptably long run times. Therefore, an extra typical parameter value was estimated for 
patient subgroups with missing covariates in order to avoid bias.  
Patient-related covariates might not always have a large impact in univariate analyses, but 
might become relevant in combination with other patient related covariates. Therefore, the 
evaluation of interaction terms of covariate effects was considered. This resulted in model 
over-parameterization. Yet, we took co-linearity between covariate effects into account by 
using only observed combinations of patient related covariates in the simulation studies. 
A dosing algorithm was developed to promote safety and efficacy of treatment with 
indisulam. A Japanese female patient with a CYP2C19*2/*2 genotype will have an 
acceptable risk of dose-limiting myelosuppression after treatment with a reduced dose of 
375 mg/m2 indisulam. A Caucasian male patient with a wildtype genotype and a baseline 
neutrophil count of 9∙109/L can be optimally treated with a dose of 900 mg/m2. 



 
 
 
 
 

Dose individualization of indisulam 
 

169 
 
 
 
 

In conclusion, this study has identified patient related covariates related to an increased risk 
of hematological adverse effects after therapy with indisulam. Dose individualization based 
on these patient related covariates might result in safer treatment for high risk patients and 
more effective treatment with higher doses for low risk patients. Dose individualization 
using the  proposed algorithm may contribute to optimization of treatment with indisulam.  
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Abstract 

Purpose  
This dose escalation study was designed to determine the recommended dose of the multi-
targeted cell cycle inhibitor indisulam in combination with capecitabine in patients with 
solid tumors and to evaluate the pharmacokinetics of the combination. 
 
Patients and methods  
Thirty-five patients were treated with indisulam on day 1 of each 21-day cycle. Capecitabine 
was administered twice daily (BID) on days 1 to 14. Plasma concentrations of indisulam, 
capecitabine and its three metabolites were determined for pharmacokinetic analysis. 
 
Results  
The main dose-limiting toxicity was myelosuppression. Hand/foot syndrome and stomatitis 
were the major non-hematological toxicities. The recommended dose was initially 
established at indisulam 700 mg/m2 and capecitabine 1250 mg/m2 BID. However, during 
cycle 2 the recommended dose was poorly tolerated in three patients. A dose of indisulam 
500 mg/m2 and capecitabine 1250 mg/m2 BID proved to be safe at cycle 1 and 2 in nine 
additional patients. Indisulam pharmacokinetics during cycle 1 were consistent with 
pharmacokinetic data from phase I mono-therapy studies. However, exposure to indisulam 
was remarkably increased at cycle 2 due to a drug-drug interaction between capecitabine 
and indisulam. Partial response was confirmed in two patients, one with colon carcinoma 
and the other wit pancreatic carcinoma. Seventeen patients had stable disease.  
  
Conclusion  
Indisulam (700 mg/m2) in combination with capecitabine (1250 mg/m2 BID) was well 
tolerated during the first cycle. A dose of indisulam 500 mg/m2 and capecitabine 1250 mg/m2 
BID was considered safe in multiple treatment cycles. The higher incidence of toxicities 
observed during cycle 2 can be explained by a time-dependent pharmacokinetic drug-drug 
interaction.  
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Introduction  

Deregulation of the cell cycle commonly occurs during tumor development, resulting in 
unrestricted cell proliferation and independence from mitogens.[1-3] Cyclin-dependent 
kinases (CDKs) in concert with cyclin proteins control the progression of the cell cycle. CDK 
inhibitors have the potential to induce cell cycle arrest and apoptosis in tumor cells. 
Indisulam is a chloro-indoyl sulphonamide anticancer agent that inhibits the 
phosphorylation of CDK2 and decreases the expression of cyclin E.[4] This is accompanied 
by hypophosphorylation of the retinoblastoma protein. Indisulam also reduces the 
expression of cyclins A, B1 and H. This ultimately results in cell cycle arrest at multiple 
checkpoints. At higher concentrations, treatment with indisulam was associated with up-
regulation of p53 and p21 resulting in apoptotic cell death.[4,5]  
Potent tumor growth inhibition has been demonstrated in both in vitro and in vivo 
models.[4] Subsequently, indisulam was clinically evaluated in five phase I studies in 
patients with refractory solid tumors and in several phase II studies including patients with 
colorectal cancer, breast cancer, head and neck cancer, NSCLC, renal cell cancer and 
metastatic melanoma.[6-17] Reversible neutropenia and thrombocytopenia were the dose-
limiting toxicities in all schedules. The maximum tolerated dose (MTD) of indisulam was 
established at 800 mg/m2 when given as a 1-hour infusion once every three weeks.[7] A dose 
of 700 mg/m2 was considered safe for further studies and was evaluated in the phase II 
program.[12-17] Although indisulam was well tolerated, it had only minor to moderate 
single agent activity in several phase II studies.[12-17] 
Currently, the combination of indisulam with several classes of antineoplastic drugs is being 
investigated. The combination of indisulam with capecitabine showed additive/synergistic 
effects in preclinical studies when both agents were given simultaneously or when 
indisulam was given prior to capecitabine, which might be explained by down-regulation of 
thymidylate synthetase (TS) by indisulam.[18] On the basis of the preclinical data, the 
different mechanisms of antitumor activity of indisulam and capecitabine and the largely 
non-overlapping toxicity profiles, the current phase I trial was performed with this 
combination. The primary objectives were: 1) to determine the recommended dose and 2) to 
evaluate the pharmacokinetic profiles of indisulam and capecitabine. An additional 
objective was to explore preliminary activity of this combination. 
 

Patients and methods 

Eligibility 
Patients were eligible if they had a histologically or cytologically confirmed solid tumor 
refractory to standard therapy or for whom no established therapy existed. Previous 
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anticancer radiotherapy or chemotherapy had to be discontinued for at least 4 weeks before 
entry into the study. Prior capecitabine therapy was allowed, but a severe or unexpected 
reaction to fluoropyrimidine therapy was an exclusion criterion. Maximal two prior lines of 
myelosuppressive chemotherapy were allowed. Patients had to have acceptable bone 
marrow, renal and hepatic functions. The study protocol was approved by the medical 
ethics committees of the participating hospitals and all patients gave written informed 
consent.[19] 
 
Treatment plan and study design 
The recommended dose of indisulam in combination with capecitabine was determined by 
dose escalation. Patients were initially treated in cohorts of three per dose level. Each cycle 
consisted of three weeks of therapy. The starting doses were 350 mg/m2 of indisulam given 
as a 1-hour infusion on day 1 and 1000 mg/m2 BID of capecitabine given on days 1 to 14, 
repeated three weekly. On day 1, the start of the infusion of indisulam and the oral 
administration of capecitabine were simultaneous. In the next cohort, the dose of 
capecitabine was escalated to 1250 mg/m2 BID. In subsequent cohorts, the dose of indisulam 
was escalated to 500 mg/m2, 600 mg/m2, 700 mg/m2 and 800 mg/m2 when permitted by the 
toxicity profile of the combination. If one of the first three patients experienced DLT during 
cycle 1, the cohort was expanded to six patients. Provided that none of the additional three 
patients experienced a DLT during cycle 1, dose escalation was continued. Patients who did 
not experience significant toxicities at their initial dose were permitted to receive a dose 
escalation. The MTD was defined as the dose level at which 2 or more patients in the 
expanded cohort of 6 patients experienced a DLT. The dose level below the MTD was 
recommended for phase II evaluation. 
 
Patient evaluation and follow-up 
Complete patient history, physical examination, performance status, hematological analysis, 
blood chemistry, urinalysis and electrocardiography were performed at baseline. Computed 
tomography, magnetic resonance imaging scans or photography for skin lesions were 
performed to clearly document the location, size and extent of the disease. Laboratory tests 
were performed on day 1, 8 and 15 of each treatment cycle. Tumor assessments were 
performed every other cycle and were evaluated according to the RECIST criteria.[20] 
Adverse events were evaluated throughout the study and were graded according to the 
National Cancer Institute Common Toxicity Criteria version 2.0.[21] 
DLT was defined as: grade 3 or 4 non-hematological toxicity (excluding alopecia and 
untreated nausea and vomiting), grade 4 thrombocytopenia, grade 4 neutropenia lasting 7 
days or more and grade 3 or 4 febrile neutropenia. These events were indicated as DLT only 
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if observed during the first cycle of treatment or during cycle 2 for patients who underwent 
intra-patient dose escalation.  
 
Pharmacokinetic study 
Full pharmacokinetic sampling of indisulam and capecitabine were performed during the 
first cycle of treatment. For patients who underwent a dose escalation at cycle 2, full 
pharmacokinetic sampling was repeated in the first cycle at the increased dose. Blood 
samples for indisulam analysis were obtained at 16 time points for up to 8 days after the 
first administration: pre-infusion, 30 minutes after the start of infusion, at the end of the 
infusion, at 10 and 30 minutes and at 1, 2, 4, 6, 8, 24, 48, 72, 96, 120 and 168 hours after the 
end of the infusion. The concentrations of indisulam in plasma were measured using high-
performance liquid chromatography coupled to an electrospray ionization tandem mass 
spectrometer (LC/ESI-MS/MS) as described previously.[22] Blood samples for capecitabine 
analysis were obtained at 10 time points on day 1: before administration, at 15 and 30 
minutes and at 1, 2, 3, 4, 5, 7 and 9 hours after administration. Plasma concentration of 
capecitabine and its metabolites 5’-deoxy-5-fluorocytidine (5’-DFCR), 5’-deoxy-5-
fluorouridine (5’-DFUR) and 5-fluorouracil (5-FU) were determined by high-performance 
liquid chromatography with UV detection.[23]  
 
Population pharmacokinetic analysis 
The population pharmacokinetic analyses were performed using NONMEM software 
(version V, level 1.1) (GloboMax LLC, Hannover, MD, USA).[24] A population 
pharmacokinetic model was developed previously to describe the pharmacokinetic profile 
of indisulam mono-therapy.[25] The pharmacokinetic parameters describing the model for 
indisulam mono-therapy were applied to calculate model predicted indisulam 
concentrations, which were compared to the observed plasma concentration of indisulam. If 
the model adequately predicted the observed concentrations, it could be concluded that the 
pharmacokinetic profile of indisulam was not highly influenced by combination therapy 
with capecitabine.  
The pharmacokinetic results of capecitabine and its metabolites were also evaluated by 
compartmental analysis using NONMEM software in order to adequately describe the 
absorption phase. A time delay was observed between drug intake and the appearance of 
capecitabine in plasma. Therefore, a first-order absorption model with lag-time was applied 
to all data. Individual areas under the concentration versus time curve (AUCs) and terminal 
half-lives were assessed by fitting a one- or two-compartment model to the concentration 
time profiles in individual patients. The current data were compared to previously 
published results in order to evaluate any potential pharmacokinetic interaction with 
indisulam.  
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Pharmacokinetic-pharmacodynamic analysis 
The correlation between drug exposure and CTC grade 3 and 4 adverse events was explored 
to find potential relationships between pharmacokinetics and safety parameters. The AUC 
was used as a measure of exposure to indisulam in this analysis. For capecitabine, the AUC 
of 5’-DFUR was previously found to be predictive of toxicities and was therefore used in the 
current analysis to assess relationships between exposure to capecitabine and adverse 
events.[26] 
  
Table 1. Patient characteristics at screening. 
  n=35 
 
Gender 

 
Male  
Female 
 

 
22 (63%) 
13 (37%) 

Age Median 
Range 
 

56 
20-70 

Race Caucasian 
 

35 (100%) 

Tumor type Pancreas  
ACUP 
Colon 
Stomach 
Rectum   
NSCLC  
Esophagus 
Ewing bone sarcoma 
Sclerosing osteosarcoma 
Melanoma 
Cholangiocarcinoma 
Squamous cell carcinoma 
Thymoma 
Endometrium 
 

10 (29%) 
5 (14%) 
5 (14%) 
3 (9%) 
2 (6%) 
2 (6%) 
1 (3%) 
1 (3%) 
1 (3%) 
1 (3%) 
1 (3%) 
1 (3%) 
1 (3%) 
1 (3%) 

KPS performance status 70 
80 
90 
100 
 

14 (40%) 
10 (29%) 
8 (23%) 
3 (9%) 

Time since diagnosis 
(months) 

Median 
Range 
 

11 
0-108 

Metastatic/locally advanced 
disease 

Metastatic 
Locally advanced 
 

30 (86%) 
5 (14%) 

Previous therapy 
 

Chemotherapy 
Radiotherapy 
Surgery 
Other 

22 (63%) 
12 (34%) 
23 (66%) 
4 (11%) 
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Results 

Dose escalation and safety assessment 
In total, 35 patients were included in the study. Patient characteristics are shown in Table 1. 
All patients were evaluable for toxicity. Patients were initially treated at six different dose-
levels (level 1-6) (Table 2). The number of treatment cycles per patient (median=3, range 1-
15) is summarized in Table 3. In total, patients received 159 cycles. 
 
Table 2. Doses of indisulam and capecitabine and number of patients included per dose-level. 

dose level indisulam 
(mg/m2) 

day 1 

capecitabine  
(mg/m2) BID 

days 1-14 

n 

1 350 1000 3 
2 350 1250 4 
3 500 1250 6 
4 600 1250 4 
5 700 1250 7 
6 800 1250 2 
7 500 1250 9 

 
 
Table 3. Number of cycles per patient. 

number of cycles n 

1-3 20 (57%) 
4-6  7 (20%) 
>6 8 (23%) 

 
The first two patients treated at dose level 6 both experienced serious hematological toxicity. 
One patient had febrile neutropenia grade 3, neutropenia grade 4, leukocytopenia grade 3 
and thrombocytopenia grade 3 and the other patient had febrile neutropenia grade 4, 
leukocytopenia grade 4, thrombocytopenia grade 3 and neutropenia grade 4. Because of 
safety reasons, it was decided not to further expand dose level 6 and this dose level was 
established as the MTD.  
At the immediate lower dose level of 700 mg/m2 indisulam in combination with 1250 mg/m2 
BID capecitabine, four patients were additionally treated. This level was well tolerated at 
cycle 1. Conversely, all four patients experienced severe toxicities during cycle 2. Three 
patients had severe hematological and non-hematological toxicities at cycle 2 and 
consequently dose reduction of both drugs; all three patients had neutropenia grade 4, 
thrombocytopenia grade 3 or 4, leukocytopenia grade 3 or 4 and hand/foot reaction grade 3 
or 4, and one of these patients also had febrile neutropenia grade 3, anemia grade 3 and 
stomatitis grade 3. The fourth patient had stomatitis grade 3 and treatment with 
capecitabine was interrupted.  
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The significant toxicities observed after multiple administrations of dose level 5 indicated 
that this recommended dose level was safe during cycle 1, but was too toxic for repeated 
cycles. Therefore, the dose of indisulam was further reduced to 500 mg/m2 (dose level 7, 
Table 2) and an amended study was initiated to investigate safety at repeated cycles. To 
investigate a potential time-dependent pharmacokinetic interaction between indisulam and 
capecitabine, the additional patients had full pharmacokinetic sampling of indisulam and 
capecitabine during cycle 1 and 2 and were assessed for DLT at both cycles. In this amended 
study, nine eligible patients were treated with 500 mg/m2 indisulam in combination with 
1250 mg/m2 BID capecitabine. One patient had dose-limiting stomatitis grade 3 at cycle 1 
and another patient had dose-limiting hand/foot reaction grade 3 during treatment cycle 2. 
Generally, this dose level was adequately tolerated and was considered safe for multiple 
treatment cycles. 
 
Table 4a. Treatment-related NCI-CTC grade 3-4 hematological lab values during cycle 1. 
dose level 1 2 3 and 7 4 5 6 total 
number of patients treated n=3 n=4 n=15 n=4 n=7 n=2 n=35 
thrombocytopenia 0 0 1 0 1 2 4 (11%) 
neutropenia 0 0 1 0 0 2 3 (9%) 
leukocytopenia 0 0 0 0 0 2 2 (6%) 
anaemia 0 0 0 0 1 0 1 (3%) 

 
Table 4b. Treatment-related non-hematological adverse events (observed in at least 2 patients) during cycle 1. 
dose level 1 2 3 and 7 4 5 6 total 
number of 
patients 
treated n=3 n=4 n=15 n=4 n=7 n=2 n=35 
NCI-CTC 
grade 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4 
stomatitis - - - - 5 1 1 - 3 - 2 - 11 (31%) 1 (3%) 
diarrhea - - 2 - 3 1 1 - 3 - - - 9 (26%) 1 (3%) 
hand-foot 
syndrome - - - - 4 - 2 - 2 - 1 - 9 (26%) 0 (0%) 
nausea - - 1 - 3 - - - 4 - 1 - 9 (26%) 0 (0%) 
vomiting - - 1 - 2 - 1 - 2 - 1 - 7 (20%) 0 (0%) 
fatigue - - - - 3 - - - - 1 - - 3 (9%) 1 (3%) 
abdominal 
pain - - - - 1 - - - 1 1 1 - 3 (9%) 1 (3%) 
oedema - - 1 - - - - - 2 - - - 3 (9%) 0 (0%) 
alopecia - - - - - - - - 1 - 2 - 3 (9%) 0 (0%) 
anorexia - - - - 1 - - - 2 - - - 3 (9%) 0 (0%) 
constipation - - - - - 1 1 - - - 1 - 2 (6%) 1 (3%) 
epistaxis - - - - 2 - - - - - - - 2 (6%) 0 (0%) 
dyspepsia/ 
pyrosis - - - - 2 - - - - - - - 2 (6%) 0 (0%) 
flatulence/ 
meteorism - - - - - - - - 2 - - - 2 (6%) 0 (0%) 
hiccups - - - - 2 - - - - - - - 2 (6%) 0 (0%) 

For events not included in NCI-CTC: mild= grade 1; moderate=grade 2; severe=grade 3. 
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Tables 4a and 4b show a summary of treatment-related adverse events. Hematological and 
non-hematological toxicities were observed more frequently at higher dose levels. The most 
frequent grade 3-4 hematological toxicities related to study treatment during cycle 1 were 
thrombocytopenia (4 patients) and  neutropenia (3 patients) (Table 4a). Two patients had 
febrile neutropenia during cycle 1. The most frequent non-hematological toxicities related to 
study treatment were stomatitis (12 patients), diarrhea (10 patients), hand-foot syndrome (9 
patients) and nausea (9 patients) (Table 4b). The occurrence of severe adverse events (CTC 
grade 3 and 4) in cycle 1 and in cycle 2 is depicted in Figure 1. This bar chart demonstrates 
that severe adverse events were less frequently observed in cycle 1 than in cycle 2.  
The main grade 1-2 adverse events were anaemia, diarrhea, nausea and vomiting (Table 4b). 
ECG analysis showed that indisulam did not have any cardiac effect. 
A total of 16 patients  (46%) went off-study due to progressive disease according to RECIST 
criteria, 7 (20%) due to clinical progression, 7 (20%) due to adverse events, 3  (8.6%) because 
of no further clinical benefit (physicians decision), one patient because the delay between 
treatment cycles was greater than 2 weeks (protocol deviation), and one because of  bilirubin 
grade 3 (abnormal laboratory values). 7 patients (20%) died on study, defined as within 30 
days of the last intake of study treatment. 
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Figure 1. Graphical representation of severe (grade 3 and 4) adverse events in cycle 1 and in cycle 2. 
 
Response 
Thirty patients were evaluable for tumor response. Five patients (14%) could not be 
evaluated because they did not receive at least two cycles of treatment. Two patients had 
confirmed partial response (6%), 17 patients (49%) had stable disease and 11 patients (31%) 
showed disease progression.  
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Figure 2. Observed indisulam plasma concentrations at cycle 1 ( ) and cycle 2 ( ) for 8 individual patients. Patients A 
and B received an escalated indisulam dose at cycle 2. The dashed line (…) represents the expected concentration time 
profile if capecitabine did not interact with indisulam pharmacokinetics. Patients C, D, E, F, G and H were included in 
the amended study and received both in cycle 1 and in cycle 2 500 mg/m2 indisulam.  
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Population pharmacokinetics 
Plasma samples for pharmacokinetic studies were obtained from 33 patients at cycle 1 for 
both indisulam and capecitabine. Two patients were not evaluable for pharmacokinetic 
assessment. At cycle 2, additional pharmacokinetic sampling was performed in 8 patients. 
For indisulam, in total 573 pharmacokinetic samples were available from 41 treatment cycles 
(14 per cycle). During cycle 1, the previously developed population pharmacokinetic model 
adequately described the non-linear pharmacokinetic profile of indisulam. Model based 
predictions corresponded well to the observed indisulam concentrations at cycle 1. (data not 
shown) No difference was observed between pharmacokinetic data from a phase I mono-
therapy study and cycle 1 of the current combination study. This indicates that capecitabine 
does not interact with indisulam pharmacokinetics at treatment cycle 1.  
However, plasma concentrations of indisulam at cycle 2 were much higher than expected. 
This is illustrated in Figure 2. Patient A and B were treated during the initial part of the 
study. Patient A was treated with 350 mg/m2 of indisulam (level 2) at cycle 1 and the 
corresponding AUC was 0.21 g/L∙h. Assuming that the individual pharmacokinetic 
parameters would not be significantly different at cycle 2, the AUC after administration of 
the second indisulam infusion (level 3) was expected to be 0.32 g/L∙h for this patient. 
However, the observed AUC was 1.51 g/L∙h. For patient B, the AUC after initial treatment 
with 500 mg/m2 indisulam (level 3) was 0.42 g/L∙h and the expected AUC value for cycle 2 
(level 4) was 0.53 g/L∙h. However, the observed AUC of 1.51 g/L∙h was again much higher 
than expected, suggesting a time-dependent pharmacokinetic interaction between indisulam 
and capecitabine. This was confirmed in the amended study. Without exception, six 
additional patients (level 7) were much higher exposed to indisulam during cycle 2 than 
during cycle 1. 
For capecitabine and its metabolites, 883 samples were available from 33 patients. 
Pharmacokinetic results are summarized in Table 5. Data from the current study were 
compared to literature data.[23,27-30] The exposure to 5’-DFUR was lower than published 
data. With respect to the large inter-study variability, we do not expect that the lower 
exposure of 5’-DFUR indicates an actual difference between capecitabine pharmacokinetics 
in our study and in previous studies. The exposures to capecitabine and to the other 
metabolites were not different from published data. 
 
Pharmacokinetic-pharmacodynamic analysis 
Severe adverse events (CTC grade 3 and 4) occurred in 11 out of 41 treatment cycles, which 
were assessed for pharmacokinetics. The AUC of indisulam was significantly higher in these 
11 cycles than in the remaining 30 cycles (Mann-Whitney U test, p=0.008). This indicates that 
high exposure to indisulam is predictive for the occurrence of severe adverse events. The 
highest exposure to indisulam (5.7 g/L∙h) was observed in a patient who had dose-limiting 
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neutropenia with sepsis, leukocytopenia grade 4 and thrombocytopenia grade 3. Exposure 
to the capecitabine metabolite 5’-DFUR was not higher in treatment cycles with grade 3 and 
4 toxicities (Mann-Whitney U test, p=0.48).  
 
Table 5. Summary of pharmacokinetic analysis of capecitabine and its metabolites 5’-DFCR, 5’-DFUR and 5-FU. 
 capecitabine 5'-DFCR 5'-DFUR 5-FU 
number of patients evaluable for PK assessment 32 32 32 33 
number of curves evaluable for PK assessment3 40 40 40 41 
number of curves fitted to a 1-compartment model 29 26 35 35 
number of curves fitted to a 2-compartment model 11 14 5 6 
      
absorption rate constant  
of capecitabine (h-1) 

mean1 
CV1 (%) 

5.27 
248%    

formation rate constant  
of metabolite (h-1) 

mean1 
CV1 (%)  

2.60 
139% 

3.71 
170% 

3.96 
154% 

absorption lag time  
of capecitabine (h) 

mean1 
CV1 (%) 

0.57 
109%    

formation lag time  
of metabolite (h) 

mean1 
CV1 (%)  

0.53 
101% 

0.74 
90% 

0.73 
111% 

terminal half-life (h) 
 

mean1 
CV1 (%) 

0.73 
646% 

0.30 
852% 

1.03 
47% 

0.83 
320% 

AUC (mg/L∙h) mean1 7.71 12.5 9.36 1.29 
normalized AUC2 (mg/L∙h) 
 

mean1 
CV1 (%) 

6.67 
91% 

10.8 
99% 

8.09 
40% 

0.98 
65% 

1 Geometric means and geometric coefficients of variance (interindividual variability) are reported. 
2 AUC values were normalized to 2000 mg doses of capecitabine.  
3 Eight patients were assessed for capecitabine pharmacokinetics during 2 cycles. 
 

Discussion 

In this study, treatment with indisulam in combination with capecitabine was investigated 
in patients with solid tumors. We demonstrated that 500 mg/m2 indisulam and 1250 mg/m2 
BID capecitabine is safe and well tolerated during multiple cycles.  
The recommended dose for indisulam single agent therapy was 700 mg/m2.[7] In this study, 
the combined dose of 700 mg/m2 indisulam and 1250 mg/m2 BID capecitabine was well 
tolerated during cycle 1. However, at cycle 2 and subsequent cycles significant toxicities 
were observed, which indicated that this dose level was too toxic for repeated cycles. 
Therefore, the dose of indisulam was further reduced to 500 mg/m2 to investigate safety at 
multiple cycles. Of nine eligible patients, only one patient experienced a dose-limiting 
toxicity, which confirmed that 500 mg/m2 indisulam and 1250 mg/m2 BID capecitabine is 
safe for multiple treatment cycles. 
One patient had a partial response and 16 patients had stable disease. Whether the 
combination of indisulam and capecitabine has a clinical additive effect remains to be 
investigated in phase II and III studies.   
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The main dose-limiting toxicity was myelosuppression. Grade 3-4 non-hematological 
toxicities most frequently observed were hand/foot reaction and stomatitis.  
The exposure to indisulam was highly increased in cycle 2, which is likely due to a 
pharmacokinetic interaction with capecitabine. It has been postulated that 5-FU, the active 
metabolite of capecitabine, may interfere with the synthesis of the cytochrome P450 isozyme 
CYP2C9.[31] This isozyme is mainly responsible for the metabolism of indisulam.(Eisai Ltd., 
data on file)  Thus, through inhibition of CYP2C9 synthesis, indisulam metabolism may be 
impaired. This same type of interaction has been described for phenytoin and warfarin in 
combination with 5-FU.[32,33] Phenytoin and warfarin are also metabolized by CYP2C9. In 
combination with 5-FU the clearances of these agents were decreased and plasma 
concentrations were increased. As 5-FU down-regulates the synthesis of CYP2C9 [31-33], it 
is not surprising that this interaction becomes relevant only during the second or 
subsequent treatment cycles of the combination capecitabine and indisulam. The results 
suggest that CYP2C9 activity is decreased even after a 7-day dosing interval of capecitabine. 
This finding is in agreement with the results of Konishi et al., who demonstrated that the 
decrease in phenytoin p-hydroxylation after single doses of 5-FU or 5’-DFUR was not fully 
resolved after 7 days.[34]  
Due to a time-dependent pharmacokinetic interaction between the drugs, patients were 
higher exposed to indisulam during cycle 2 than during cycle 1. Accordingly, the incidence 
of severe toxicities was higher in repeated treatment cycles. A dose of indisulam of 500 
mg/m2 and capecitabine 1250 mg/m2 BID is considered safe in multiple treatment cycles. 
Future in vitro and animal studies may further elucidate the mechanisms of the time-
dependent interaction between indisulam and capecitabine. 
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Abstract  

Background  
The anticancer agent indisulam was evaluated in a dose escalation study in combination 
with capecitabine. Severe myelotoxicity was observed after multiple treatment cycles. We 
hypothesized that capecitabine inhibits the synthesis of  CYP2C9, which metabolizes 
indisulam. 
 
Objectives  
The objectives were to develop a pharmacokinetic/pharmacodynamic model for the 
combination treatment and to estimate the impact of a drug-drug interaction on the safety of 
various dose levels. 
 
Methods  
NONMEM was used to develop a pharmacokinetic/pharmacodynamic model including the 
impact of capecitabine co-administration on indisulam pharmacokinetics. A simulation 
study was performed to evaluate the risk of dose limiting neutropenia.  
 
Results  
A time-dependent pharmacokinetic drug-drug interaction resulted in increased exposure to 
indisulam and in increased myelotoxicity. The risk of dose limiting neutropenia increased 
with treatment duration and with dose.  
 
Conclusions  
The excessive myelosuppression after multiple cycles may be explained by a 
pharmacokinetic interaction between indisulam and capecitabine. The combination of 550 
mg/m2 indisulam and 1250 mg/m2 capecitabine BID was considered safe. 
 
  



 
 
 
 
 

PK-PD analysis of indisulam and capecitabine 
 

193 
 
 
 
 

Introduction 

Indisulam is an experimental sulfonamide anticancer agent which blocks the transition from 
the G1- to the S-phase of the cell cycle.[1] In human tumor cell lines, indisulam inhibited the 
phosphorylation of CDK2 and decreased the expression of cyclin E with up-regulation of 
p53 and p21 and subsequent apoptosis.[2] Proteomic studies demonstrated that the 
expression of cytosolic malate dehydrogenase was inhibited by indisulam, which may affect 
the malate-aspartate shuttle and down-stream processes that are involved in cell-cycle 
control.[3] The complete mechanism of action of indisulam, however, remains to be 
elucidated.  
Indisulam was clinically evaluated in an extensive phase I program.[4-9] Multiple dosing 
regimens were tested in patients with refractory solid tumors. Myelosuppression was the 
major dose-limiting toxicity. No significant non-hematological toxicity was observed. A 1-
hour infusion of 700 mg/m2 indisulam repeated every three weeks was considered safe for 
phase II evaluation.[8] Single agent therapy with indisulam was well tolerated, but the 
antitumor activity was only moderate in patients with colorectal cancer, breast cancer, head 
and neck cancer, NSCLC, renal cell cancer and metastatic melanoma.[10-15] 
Clinical studies with combinations of indisulam and selected established anticancer drugs 
(irinotecan, carboplatin, capecitabine) were initiated. For these combinations, preclinical 
studies had demonstrated additive antitumor effects. Indisulam and 5-fluorouracil had 
synergistic efficacy in the HCT15 colorectal cancer cell line and in two human colorectal 
cancer xenografts, only when indisulam was administered prior to 5-fluorouracil.[16] 
Capecitabine is a pro-drug of 5-fluorouracil and is approved for the first-line treatment of 
metastatic colorectal cancer. Capecitabine and indisulam have different mechanisms of 
action and largely non-overlapping toxicity profiles. Preclinical efficacy was promising and 
therefore the combination was evaluated in a phase I dose escalation study.[17]  
Briefly, the objectives of this clinical study were to determine the dose limiting toxicities and 
to define the recommended dose for further studies. Indisulam and capecitabine were 
administered in a treatment cycle of three weeks: a 1-hour infusion of indisulam on day 1 
and oral doses of capecitabine BID on days 1-14. Initially, synergistic toxicity of indisulam 
and capecitabine was not observed, as the combined recommended doses for mono-therapy, 
i.e. indisulam 700 mg/m2 and capecitabine 1250 mg/m2 BID, were well tolerated in the first 
cycle of treatment with this combination. Conversely, severe side effects were observed in 
subsequent cycles, which suggested a time-dependent drug-drug interaction.  
We hypothesized that capecitabine reduced the activity of the cytochrome P450 enzyme 
CYP2C9. This enzyme is one of the major metabolizing enzymes of indisulam. Thus, 
reduced enzymatic activity of CYP2C9 may result in increased plasma levels of indisulam.  
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Treatment with capecitabine or 5-fluorouracil also significantly increased exposure to 
warfarin and phenytoin [18-20] that are mainly metabolized by CYP2C9, which is 
supportive evidence for our hypothesis. 
In a previous phase II study of indisulam mono-therapy, the exposure to indisulam was the 
same at cycle 1 and cycle 2.[14] In the current study, plasma concentrations of indisulam 
during cycle 1 were consistent with indisulam pharmacokinetics in previous single agent 
studies.[17] However, indisulam exposure at cycle 2 was significantly increased. This time-
dependent change in indisulam pharmacokinetics may be explained by a slow-onset 
reduction of CYP2C9 activity by capecitabine. 
Park et al. demonstrated that the active metabolite of capecitabine, 5-fluorouracil, does not 
directly inhibit CYP2C9 in human liver microsomes.[21] This implies that reduction of 
CYP2C9 activity by 5-fluorouracil is not a direct effect. The interaction between indisulam 
and capecitabine is more likely due to an upstream mechanism resulting in a reduction of 
the synthesis of active CYP2C9. This mechanism supports a time-dependent effect of 
capecitabine on indisulam exposure and may explain the increased toxicity of the 
combination after multiple treatment cycles.   
Myelosuppression was the major dose-limiting toxicity of the combination. This may be 
mainly related to indisulam, because neutropenia and thrombocytopenia were previously 
identified as dose-limiting toxicities of this drug. Capecitabine may also contribute to the 
induction of hematological toxicity, even though the incidence of CTC grade 3 or 4 
neutropenia was only 2.2% in patients treated with capecitabine 1250 mg/m2 BID versus 15% 
in patients who were treated with 700 mg/m2 indisulam. [10,22] When administered in 
combination with indisulam, capecitabine may contribute to neutropenic side effects by a 
pharmacokinetic interaction with indisulam and/or by a cytotoxic effect on proliferating 
neutrophils. 
Upon further evaluation of the toxicity profile in the phase I study, an indisulam dosage of 
500 mg/m2 in combination with capecitabine 1250 mg/m2 BID was considered safe in 
multiple treatment cycles in a nine-patient cohort.[17] Due to the small number of patients, 
the clinically determined recommended dose may be an imprecise estimate of the optimal 
dose for future studies. The application of modeling and simulation, based upon clinical 
data, may further optimize the recommended dose for a phase II program. 
The objectives of the current analysis were 1) to develop a population pharmacokinetic/ 
pharmacodynamic model of the combination of indisulam and capecitabine, 2) to evaluate 
the role of capecitabine in the induction of hematological toxicity during combination 
therapy with this combination, 3) to apply this model to predict the severity of neutropenia 
and thrombocytopenia at various dose levels during multiple treatment cycles and 4) to 
determine a safe dose of the combination. 
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Materials and Methods 

Data collection 
Combination therapy with indisulam and capecitabine was evaluated in a phase I dose 
escalation study to determine the recommended dose for further studies. The study design, 
patient evaluation and follow-up have been described in detail elsewhere.[17] Indisulam 
was administered in a 1-hour infusion, which was repeated every three weeks. This was 
combined with oral doses of capecitabine BID on days 1-14 of each treatment cycle. Patients 
were treated at 6 dose levels of the combination indisulam (mg/m2) /capecitabine (mg/m2 
BID): 350/1000, 350/1250, 500/1250, 600/1250, 700/1250 and 800/1250.  
Patients who did not experience significant toxicities at their initial dose were permitted to 
receive a dose escalation. Patients were treated in three-patient cohorts. The cohort was 
expanded to six patients if one of the first three patients experienced dose limiting toxicity 
during cycle 1. The maximal tolerated dose was defined as the dose level at which 2 or more 
patients in the expanded cohort of 6 patients experienced a dose limiting toxicity. The dose 
level below the maximal tolerated dose was recommended for phase II evaluation. 
Extensive pharmacokinetic sampling was performed in all patients during the first 
treatment cycle. Pharmacokinetic samples of indisulam were obtained at the following time 
points: pre-infusion, 30 minutes after the start of infusion, at the end of the infusion, at 10 
and 30 minutes and at 1, 2, 4, 6, 8, 24, 48, 72, 96, 120 and 168 hours after the end of the 
infusion. Plasma concentrations of capecitabine and its metabolites 5’- deoxy-5-fluoro-
cytidine (5’-DFCR), 5’-deoxyfluorouridine (5’-DFUR) and 5-fluorouracil were assessed prior 
to intake of the first oral dose of capecitabine (which was simultaneous with the start of 
indisulam infusion), 15 and 30 minutes after intake, at the end of the indisulam infusion 
(approximately 1 hour after capecitabine intake), at 10 and 30 minutes and at 1, 2, 4, 6 and 8 
hours after the end of the indisulam infusion. Patients who did not have significant toxicities 
at cycle 1 were allowed to receive a dose escalation at cycle 2. For those patients, full 
pharmacokinetic sampling was performed at treatment cycles 1 and 2. Hematological 
analyses and blood chemistry assessments were performed on days 1, 8 and 15 at all 
treatment cycles throughout the course. The study protocol was approved by the local 
medical ethics committees of the participating hospitals and all patients gave written 
informed consent.[23] 
Patients were asked to sign a separate informed consent for pharmacogenetic analysis of 
genes coding for cytochrome P450 enzymes that are related to the metabolism of indisulam 
(CYP2C9, CYP2C19). The relationship between indisulam pharmacokinetics and CYP2C 
genotype was previously described by us.[24] 
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Population pharmacokinetic and pharmacodynamic analysis 
A population analysis was performed to describe 1) the pharmacokinetics of indisulam, 2) 
the interaction between indisulam and capecitabine and 3) the time course of the 
myelosuppressive effect of the combination. For indisulam, a physiologically-based 
pharmacokinetic model and a semi-physiological model describing its hematological 
toxicity have previously been developed.[24,25] The observed interaction between 
indisulam and capecitabine was incorporated into these pre-existing pharmacokinetic and 
pharmacokinetic/pharmacodynamic models.  
Pharmacokinetic and pharmacodynamic data were analyzed by non-linear mixed effects 
modeling using NONMEM software (version V, level 1.1) (GloboMax LLC, Hanover, MD, 
USA). The First-Order Conditional Estimation (FOCE) method of NONMEM with 
interaction (INTER) between the interindividual and residual random effects was the 
method of choice, but this resulted in unacceptably long run times (multiple weeks). 
Therefore, the First-Order (FO) method was used throughout model development after 
logarithmic transformation of all pharmacokinetic and pharmacodynamic data of indisulam. 
Discrimination between hierarchical models was based on the log-likelihood ratio test using 
the objective function value (OFV) of NONMEM. A decrease in OFV of 10.8 (p=0.001, 
degrees of freedom=1) was considered statistically significant. In addition, residual errors 
and goodness of fit plots were used for model comparison. 
 
Pharmacokinetic model of indisulam 
A physiologically-based population pharmacokinetic model of indisulam was developed 
previously.[26] (Figure 1) Indisulam disposition was described by a three-compartment 
model and two elimination pathways: a linear pathway, which was characterized by linear 
clearance (CL), and a saturable pathway, which was characterized by a maximal elimination 
rate (Vmax) and a Michaelis Menten constant (Km). Further details and the differential 
equations employed were published separately.[26] This pharmacokinetic model was 
recently extended to include pharmacogenetic effects of CYP2C polymorphisms.[24] The 
linear elimination pathway of indisulam was significantly reduced by CYP2C19*2 and 
CYP2C19*3 mutations (-38%, p<0.0001).[24]  The saturable pathway was significantly 
inhibited by the *3 polymorphism in the gene encoding for CYP2C9 (-27%, p<0.0001).[24]  
This pharmacokinetic and pharmacogenetic model was the starting point for model 
development in the current analysis. The pharmacokinetic and pharmacogenetic parameters 
were not re-estimated in the current analysis, because only total plasma concentrations were 
available. Conversely, for re-estimation of the PK model, free plasma concentrations and 
erythrocyte concentrations were also required. 
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Pharmacokinetic model of capecitabine and  metabolites  
The population pharmacokinetic model that was published by Urien et al., was used to 
describe the time profiles of plasma concentrations of capecitabine, 5’-DFCR, 5’-DFUR and 
5-fluorouracil.[27] Absorption of capecitabine was a first-order process with a lag time. The 
pharmacokinetics of capecitabine and its sequential metabolites 5’-DFCR, 5’-DFUR and 5-
fluorouracil were described by a series of one-compartment models. All pharmacokinetic 
parameters were re-estimated using data from the current study using the FO method of 
NONMEM.. 
Exposure to 5’-DFUR was previously found to be predictive of dose limiting toxicity of 
capecitabine and was therefore considered the most relevant metabolite of capecitabine.[28] 
Consequently, 5’-DFUR plasma concentrations were used in pharmacokinetic-
pharmacodynamic relationships to describe the drug-drug interaction with indisulam and 
the hematological toxicity of capecitabine. 
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Figure 1. Graphical representation of the physiological pharmacokinetic model of indisulam.  In plasma, indisulam 
binds to albumin in a saturable manner. Indisulam is distributed to interstitial fluid (ISF), tissue and red blood cells 
(RBC). In red blood cells, indisulam specifically binds to carbonic anhydrase. Indisulam elimination can be described 
by a linear and a saturable pathway, which were tested to be proportional to the amount of active enzyme. The chain 
of transit compartments described the synthesis of this enzyme. 
 
Interaction model 
The pharmacokinetic interaction between capecitabine and indisulam was described with an 
enzyme turn-over model. In this model, the linear (CL) and/or the saturable elimination rate 
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(Vmax) was proposed to be directly proportional to a hypothetical amount of enzyme. The 
relative amount of the enzyme at baseline was set at 1. In order to establish a time delay 
between exposure to capecitabine and its inhibitory effect on indisulam metabolism, enzyme 
turn-over was described by a transit compartment model.[29] This model comprised a linear 
series of n transit compartments representing the enzyme synthesis process (Figure 1). The 
number of compartments (n) in the transit model was optimized during model 
development. The mean transit time (MTTenzyme) from the first to the nth compartment was 
estimated using NONMEM. The transition rate constant ktr enzyme was equal to (n-
1)/MTTenzyme.  
Prior to treatment with capecitabine, the input rate into the first transition compartment 
(kin_enzyme) was equal to ktr enzyme. During treatment, kin enzyme was reduced by exposure to 5’-
DFUR, because 5’-DFUR plasma concentrations (C5’-DFUR) were considered most relevant for 
the pharmacological effects of capecitabine (see above). The relationship between kin enzyme 
and C5’-DFUR was evaluated using two different models: an Emax model (Equation 1) and an 
on/off model. In the Emax model, the concentration of 5’-DFUR related to a 50% reduction of 
the input rate (C50) was estimated by NONMEM. 
 
kin enzyme = ktr enzyme ∙ (1- C5’-DFUR / (C5’-DFUR+ C50))               (Eq.1) 
 
In the on/off model, the input rate kin enzyme was completely blocked during 12 hours after 
each oral administration, which corresponds to the dosing interval of capecitabine. Thus, 
kin_enzyme was 0 h-1 during days 1-14 and was equal to ktr enzyme during days 15-21 of each 
treatment cycle.  
 
Pharmacokinetic-pharmacodynamic model 
Pharmacokinetic and pharmacodynamic data were analyzed sequentially. The 
pharmacodynamic parameters were estimated conditional on the previously estimated 
population pharmacokinetic parameters and the pharmacokinetic data. This method has 
been described in detail by Zhang et al.[30]  
The time courses of neutropenia and thrombocytopenia were described by a semi-
physiological model, which has been introduced by Friberg et al. and which has previously 
been applied to describe the hematological effect of indisulam by us.[25,31] This model 
comprised a progenitor compartment for proliferating blood cells, linked to a series of three 
compartments representing the maturation chain in the bone marrow and leading to the 
central circulation compartment (Figure 2). 
Two system related parameters were estimated: mean transit time (MTTblood cells) and a 
feedback parameter gamma (γblood cells). The MTTblood cells was the average time between cell 
proliferation and completion of maturation and was related to the first order transition rate  
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Figure 2. Semi-physiological model describing the time profile of absolute neutrophil counts (ANC) and thrombocyte 
counts (TC) after treatment with myelosuppressive chemotherapy. 
 
constant ktr blood cells (=4/MTTblood cells). The feedback parameter represented the induction of 
stem cell proliferation by endogenous growth factors and/or cytokines.[32]  
The baseline cell count (BASEestimated,i) was estimated from the baseline measurement that 
was performed prior to the first treatment (BASEobserved,i), according to Equation 2 for each ith 
patient. All other measured cell counts were log-transformed (DVij =ln(cell countobserved,ij)) 
and related to their individual predictions by Equation 3 for each ith patient on each jth 
occasion. The variances of the residual errors (η and ε) were identical for pre-and post-
treatment measurements. 
 
ln(BASE_estimated,i) = ln(BASE_observed,i ) + ηi                (Eq.2) 
IPREDij = DVij + εij                  (Eq.3) 
 
Myelosuppressive effects of both drugs were estimated. The proliferation rate was reduced 
by the effect of indisulam and/or capecitabine according to linear functions (kprol=ktr blood cells ∙ 
(1-Eindisulam-Ecapecitabine)). The myelosuppressive effect of indisulam (Eindisulam) was supposed to 
be proportional to the plasma concentration of indisulam (Cindisulam). In a previous study, our 
group demonstrated that a linear model was preferred over an Emax model to describe the 
concentration-effect relationship for indisulam (Eindisulam = slope_indisulam ∙ Cindisulam).[25] The 
effect of capecitabine (Ecapecitabine) was assumed to be related to the plasma concentration of 
5’-DFUR. A linear model (Ecapecitabine = slope_5’-DFUR ∙ C_5’-DFUR) and an Emax model (Ecapecitabine = 
Emax ∙ C_5’-DFUR / (C_5’-DFUR + C50)) were evaluated. 
All parameters were estimated to describe the time profile of neutropenia (MTTneutrophils,  
γ_neutrophils, slope_indisulam neutrophils, Emax, C50 or slope_5’-DFUR neutrophils) and thrombocytopenia 
(MTTthrombocytes,  γ_thrombocytes, slope_indisulam thrombocytes, Emax, C50 or slope_5’-DFUR thrombocytes) after 
treatment with indisulam in combination with capecitabine. All parameters (P) were 
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assumed to be log-normally distributed in the study population. Consequently, 
interindividual variability was estimated using an exponential function (Pi =TVP ∙ exp(ηi)) to 
describe the individual deviation (ηi) from the population typical value (TVP). As described 
above, differences between observed and individual predicted values were modeled as 
additive errors on a logarithmic scale.  
 
Model evaluation 
The model was evaluated by a jack-knife procedure and a numerical predictive check 
(NPC). The jack-knife procedure was performed to assess bias of parameter estimates.[33] 
The data set was split into 5 subsets. Each subset contained data from randomly selected 
individuals from each dose level. Five consecutive analyses were performed using 4 out of 5 
subsets, i.e. using 80% of the data. If the parameter estimates of the jack-knife were similar 
to the estimates resulting from the full dataset, the model was considered robust. For the 
numerical predictive check, 1000 datasets were simulated from the parameter estimates of 
the final model and for each observation the 90% prediction interval was defined.[34,35] The 
model was considered unbiased if approximately 10% of the observations were outside the 
prediction interval (evenly distributed below and above the prediction interval and evenly 
distributed over the time and observation range).  
 
Simulation study 
A simulation study was performed to evaluate the safety of the combination, in comparison 
to single agent therapy with indisulam, at continuing treatment cycles at various dose levels. 
Cohorts of more than 10,000 patients were simulated to determine the risk of dose limiting 
neutropenia, which was defined as grade 4 neutropenia (absolute neutrophil count 
<0.5∙109/L) during more than 7 days. The proportion of simulated patients with dose limiting 
neutropenia was equal to the risk of an individual patient. The risk was assessed for four 
treatment cycles. All simulated patients were assumed to continue on chemotherapy up to 
cycle 4, irrespective of toxicity during previous treatment cycles. The following dose levels 
of indisulam were evaluated: 500 mg/m2, 550 mg/m2, 600 mg/m2, 650 mg/m2 and 700 mg/m2. 
For each dose level, the risk was assessed with and without combination of indisulam 
therapy with capecitabine 1250 mg/m2 BID.  
  

Results 

Patients and data 
In total, 35 patients were included in the phase I dose escalation study of indisulam in 
combination with capecitabine. The demographic characteristics of the study population are 
summarized in Table 1. Initially, 26 patients were treated at 6 dose levels of indisulam 
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(mg/m2) and capecitabine (mg/m2 BID): 350/1000 (n=3), 350/1250 (n=4), 500/1250 (n=6), 
600/1250 (n=4), 700/1250 (n=7) and 800/1250 (n=2). Two patients treated at the highest dose 
level (800/1250) had serious hematological toxicity at the first treatment cycle. The 
immediate lower dose level (700/1250) was well tolerated at cycle 1, but severe toxicities 
were observed at cycle 2. For safety reasons, the dose of the combination was reduced to 500 
mg/m2 indisulam and 1250 mg/m2 capecitabine BID and 9 additional patients were treated. 
This dose level was considered safe for multiple treatment cycles. 
In total, pharmacokinetic and pharmacodynamic data were available from 34 patients, who 
received a median number of 3 treatment cycles (range 1-15). Plasma concentrations of 
indisulam (n=573), capecitabine (n=208), 5’-DFCR (n=264), 5’-DFUR (n=232) and 5-
fluorouracil (n=179) were measured at cycle 1 (33 patients) and cycle 2 (8 patients). 
Thrombocyte counts (n=543) were available for 153 out of 158 cycles and absolute neutrophil 
counts (n=516) were obtained from 151 cycles.  
 
Table 1. Summary of demographic patient characteristics. 
  n=35 
Gender Male  

Female 
 

22 (63%) 
13 (37%) 

Age (years) Median 
Range 
 

56 
20-70 

Race Caucasian 
 

35 (100%) 

Body weight (kg) Median 
Range 
 

74 
46-119 

 
Population pharmacokinetic analysis 
Pharmacokinetic model of indisulam 
Six patients from the study population received 500 mg/m2 indisulam in combination with 
capecitabine and were assessed for indisulam pharmacokinetics at cycles 1 and 2. The 
observed data from these patients are depicted in Figure 3. Exposure to indisulam was 
increased at cycle 2. The AUC at cycle 2 (mean 1.60 g∙h/L, median 1.36 g∙h/L) was on average 
67% (range 40%-138%) higher than at cycle 1 (mean 0.99 g∙h/L, median 0.84 g∙h/L).  
 
Pharmacokinetic model of capecitabine and  metabolites  
The pharmacokinetic data of capecitabine were well described by a one-compartment model 
with first-order absorption with a lag time. In accordance with the publication of Urien et 
al., the pharmacokinetic profiles of the metabolites 5’-DFCR. 5’-DFUR and 5-fluorouracil 
were adequately described by a linear series of one-compartment models.[27] The re-
estimated pharmacokinetic parameters are reported in Table 2.   
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Figure 3. Observed and individual predicted (cycle 1 ― and cycle 2 …) plasma concentrations of 6 patients (________) 
who were treated with 500 mg/m2 indisulam in combination with capecitabine BID at cycle 1 and at cycle 2. 
 
 
 
 
 
Table 2. Population pharmacokinetic parameter estimates of capecitabine, 5’-DFCR, 5’-DFUR and 5-fluorouracil 
Population pharmacokinetic parameter Unit Estimate RSE 
ka (hr−1) 4.42 0.791 
TLAG  absorption lag time (hr) 0.202 0.0242 
V1 (L) 316 112 
CL10 (L/hr) 187 35.9 
CL12 (L/hr) 30.6 9.39 
k23 (hr−1) 13.1 3.71 
k34  typical value, TV.k34 ‡ (hr−1) 22.2 6.66 
 effect of total bilirubin (BILT; μM) on k34 ‡ -0.181 0.178 
k40 (hr−1) 82.4 27 
    
Residual variability capecitabine  (μM) 9.47 6.17 
Residual variability 5'-DFCR  (μM) 5.02 3.27 
Residual variability 5'-DFUR  (μM) 5.29 2.99 
Residual variability 5-fluorouracil  (μM) 2.99 2.27 
    
Interindividual variability ka (%) 171 128 
Interindividual variability TLAG (%) 81 78 
Interindividual variability V1 (%) 55 42 
Interindividual variability CL10 (%) 10 36 
Interindividual variability k23 (%) 60 39 
Interindividual variability k34 (%) 27 22 
Interindividual variability k40 (%) 46 26 
‡ k34=TV.k34 * (BILT/8.8) effect 
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Interaction model 
The increased exposure to indisulam at the second treatment cycle was explained by a 
pharmacokinetic drug-drug interaction. The pharmacokinetic profile of indisulam was 
adequately described by an interaction model with an inhibitory effect of capecitabine on 
the saturable elimination pathway (Vmax). If an Emax model was used to relate the 
concentration of 5’-DFUR to the input rate of enzyme turnover model, a concentration of 
0.0167 nM (RSE 559%) was related to a 50% reduction of kin enzyme. This is far below the 
trough concentration of 5’-DFUR during twice daily treatment with capecitabine, which is 
typically 6 nM. This result indicated that the input into the enzyme turnover model was best 
described by a complete block function. An on/off model, where the input rate into the 
enzyme turnover model was set to 0 during treatment with capecitabine, adequately 
described the time-dependent inhibition of the elimination rate of indisulam. The 
pharmacokinetic profile of indisulam was best described by a transition model with 5 
compartments. The mean transit time (or turn-over time) of the hypothetical CYP2C9 
enzyme was 9.6 days (standard error 1.1 days) and the variability between patients was 78% 
(Table 3). The maximal elimination rate of the saturable elimination pathway was 
proportional to this amount of enzyme and was reduced concurringly after treatment with 
capecitabine. The time profile of the maximal elimination rate Vmax is depicted in Figure 4. 
The elimination rate of indisulam was 76% lower at the start of cycle 2 than at the start of 
cycle 1.  
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Figure 4. Time course of the relative elimination rate Vmax during multiple treatment cycles in a typical patient. 
 
Inclusion of this interaction model resulted in a decrease of the OFV of NONMEM by 732 
units (p<0.0001). The time profile of indisulam plasma concentrations at both cycles were 
adequately predicted (Figure 3 and Figure 5). In Figure 5A and 5B all pharmacokinetic data 
from all patients are plotted versus the model predicted (Figure 5A) and individual 
predicted values (Figure 5B). The uniform distribution around the line of unity indicates 
that the observed values were adequately predicted by the model. 
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Figure 5. Goodness of fit plots of the pharmacokinetic and pharmacodynamic model. Observed values of the plasma 
concentration of indisulam (A and B), absolute neutrophil counts (C and D) and thrombocyte counts (E and F) were 
plotted versus model predicted values (A, C, E) and versus individual predicted values (B,D,F). 
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Pharmacokinetic-pharmacodynamic analysis 
The semi-physiological model was successfully applied to describe the time course of 
neutrophils and thrombocytes after treatment with indisulam and capecitabine. The 
parameter estimates are listed in Table 3. Irrespective of the model (linear or Emax), the 
myelosuppressive effect of capecitabine was not significantly different from 0. Thus, 
capecitabine had no significant additional effect on the proliferation rate of neutrophils and 
thrombocytes. The cytotoxic effect of indisulam was larger for neutrophils (0.019 L/mg) than 
for thrombocytes (0.0088 L/mg). The mean transit time was 138 h for neutrophils and 93.7 h 
for thrombocytes. Interindividual variability was small for the mean transit time of 
thrombocytes and neutrophils (19%-25%) and large for the hematological effect of indisulam 
and for the feedback parameter γ (46%-69%). Figure 5 (C,D,E,F) shows goodness of fit plots 
and demonstrates that the observed hematological effect of the combination was well 
described by the model.  
 
Table 3. Parameter estimates for the final PK/PD model of indisulam 

 Estimate (RSE) ‡   (range) * IIV § (RSE) ‡   (range) * 
 
Indisulam pharmacokinetics 

      

MTT enzyme (h) 230 (0.12)  78% (0.68)  
 
Absolute neutrophil count 

      

MTT (h) 138 (0.07) (134 - 150) 25% (0.38) (10%-28%) 
γ 0.093 (0.15) (0.078 - 0.101) 69% (0.55) (49%-78%) 
Slope indisulam (L/mg) 0.0194 (0.13) (0.0183 - 0.0199) 61% (0.78) (52%-68%) 
Slope capecitabine (L/mg) -  -    
Proportional residual error (%) 32.5 (0.09) (31.5 – 33.4)    
 
Thrombocyte count 

      

MTT (h) 93.7 (0.13) (80.2 – 99.3) 19% (0.71) (13%-21%) 
γ 0.088 (0.25) (0.067 - 0.136) 56% (0.79) (38%-59%) 
Slope indisulam (L/mg) 0.0145  (0.28) (0.0100 - 0.0170) 46% (0.73) (35%-48%) 
Slope capecitabine (L/mg) -  -    
Proportional residual error (%) 30.8 (0.14) (26.5 – 33.0)    

‡ RSE= relative standard error 
* Range of estimates from jack-knife procedure 
§ IIV= interindividual variability 
 
Observed neutrophil and thrombocyte counts of patients who were treated with 500 mg/m2 
indisulam in combination with capecitabine are depicted in Figure 6. In this figure, the 
model predicted time courses of neutrophils (Figure 6A) and thrombocytes (Figure 6B) are 
also depicted for a typical individual. Observed values were symmetrically distributed 
around the typical profiles. The model predicted nadir values of neutrophils and 
thrombocytes were lower at cycle 2 than at cycle 1, which was partially due to the 
pharmacokinetic interaction with capecitabine. This finding corresponds to the observed cell 
counts, which were also generally lower at cycle 2 than at cycle 1. (Figure 6) Severe 
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hematological toxicity was observed more frequently at cycle 2 than at cycle 1. For instance, 
the dose level indisulam 700 mg/m2 in combination with capecitabine 1250 mg/m2 BID was 
well tolerated at cycle 1 (n=4 out of 4), but resulted in grade 4 neutropenia at cycle 2 (n=3 out 
of 4). The severity of neutropenia was predicted to be further increased at cycles 3 and 4 
(Figure 6A). This could not be supported by clinical data, because patients with severe 
hematological side effects generally were withdrawn from the study after cycle 2.  
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Figure 6. Observed absolute neutrophil counts (A) and thrombocyte counts (B) during cycles 1-4 of patients who were 
treated with 500 mg/m2 indisulam in combination with capecitabine BID ( ). The model predicted time profiles for a 
typical patient are also depicted (―). 
 
Model evaluation 
The results of the jack-knife procedure are listed in Table 3. Parameter estimates that were 
obtained with 80% of the data corresponded well to the estimates that were obtained with 
all data. Variability of the parameter estimates during the jack-knife procedure was 
generally ±10%, which indicates that the pharmacodynamic parameters were precisely 
estimated. Estimation of interindividual variability was not always successful for all 
parameters when 80% of the data was used. Therefore, the jack-knife procedure was partly 
performed with reduced models, which lacked one or two random effects.  
A predictive check was performed for patients who were treated with 500 mg/m2 indisulam 
in combination with capecitabine. For each observation, 1000 predictions were generated 
and the corresponding 90% prediction interval was defined. Idealiter, 10% of the 
observations would be outside the 90% prediction interval. Of 516 observed neutrophil 
counts, 7.2% was outside the prediction interval. Of 543 thrombocyte counts, 9.4% was 
outside the prediction interval. Very few observations were below the prediction interval, 
which may suggest model misspecification. However, this may rather be due to early drop 
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out of patients who were very sensitive to chemotherapy induced myelosuppression (see 
Discussion).  
 
Simulation study 
The final PK-PD model developed for the combination was used to estimate the risk of dose 
limiting toxicity. This simulation study demonstrated that the risk of dose limiting 
neutropenia increased with duration of treatment and with indisulam dose (Figure 7). When 
indisulam was combined with capecitabine, the risk of severe hematological toxicity was 
slightly higher at the first treatment cycle (0.115 versus 0.074 for a 700 mg/m2 indisulam dose 
with and without capecitabine, respectively) and increased dramatically from cycle 1 to 
cycle 2, due to a gradual decrease of the elimination rate of indisulam. For instance, the risk 
of dose limiting neutropenia increased 4-fold from cycle 1 (0.038) to cycle 2 (0.14) after 
treatment with 550 mg/m2 indisulam and 1250 mg/m2 capecitabine BID. At the third 
treatment cycle, the risk of dose limiting neutropenia was 0.20. This was similar to the risk at 
the third cycle after treatment with indisulam mono-therapy at the recommended dose of 
700 mg/m2 (0.19). Therefore, the combination of 550 mg/m2 indisulam and 1250 mg/m2 
capecitabine BID was considered safe for further studies. 
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Figure 7. Risk of dose-limiting neutropenia during multiple cycles at various dose levels. The risk increased with 
duration of treatment and was higher when indisulam was combined with capecitabine. 
  

Discussion 

The combination of indisulam and capecitabine is promising for clinical application, because 
synergistic antitumor activity was shown in preclinical models. In a dose escalation study, 
excessive hematological toxicity was observed in patients who were treated with indisulam 
in combination with capecitabine after multiple treatment cycles. The current study has 
demonstrated that this may be explained by a pharmacokinetic interaction between 
indisulam and capecitabine. Co-administration of capecitabine caused a time-dependent 
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inhibition of the saturable elimination pathway of indisulam and a consistent increase of 
indisulam exposure and its hematological side effects.  
Differences in indisulam exposure between the first and second treatment cycles were large 
and could be identified by visual inspection of the time profiles of indisulam plasma 
concentrations. Population PK-PD modeling was applied to quantify the effect of 
capecitabine on indisulam pharmacokinetics and to evaluate the impact of the interaction on 
the risk of severe neutropenia. Despite the limited number of eight patients who were 
assessed for pharmacokinetics at cycle 1 and cycle 2, this study clearly demonstrated that 
capecitabine inhibited the elimination rate of indisulam. The interaction parameter 
MTTenzyme could be precisely estimated (230 h; RSE 12%). 
The developed pharmacokinetic and pharmacodynamic model adequately described 
indisulam plasma concentrations, absolute neutrophil counts and thrombocyte counts. 
Parameter estimates generally corresponded well to previously reported values.[25,31] This 
indicates that the parameter estimates were largely independent of the estimation method in 
NONMEM, which supports the adequacy of the FO method for this analysis. The slope 
describing the neutropenic effect of indisulam was similar in the current study (0.019 L/mg) 
and in a previous phase I program (0.021 L/mg), where indisulam was evaluated as single 
agent therapy.[25] However, the effect on thrombocyte proliferation was somewhat larger in 
the current study (0.0088 mg/L) than in the previous study (0.0071 mg/L).[25] Yet, we 
demonstrated that capecitabine had no significant additive effect on the proliferation rate of 
neutrophils or thrombocytes. This was not only supported by the statistical analysis which 
indicated that the direct hematological effect of capecitabine was not significantly different 
from 0, but also by the estimate of the mean transit time. In a previous phase I study of 
indisulam mono-therapy administered in a 21-day treatment cycle, the estimate of the MTT 
was 104 h for thrombocytes and 156 h for neutrophils.[25] In the current study, exposure to 
capecitabine continued in the second week of each treatment cycle. If capecitabine would 
have had a direct cytotoxic effect on hematological cells, nadir blood cell counts would be 
observed at later time points. In a model accounting for indisulam-related toxicity only, the 
estimate of the apparent MTT would have been higher. Conversely, the MTTs of 
thrombocytes and neutrophils were estimated at 94 h and 138 h respectively.  
The pharmacokinetic drug-drug interaction between indisulam and capecitabine was 
described with an enzyme turn-over model. The amount of active CYP2C9 enzyme and 
consequently the saturable elimination rate of indisulam (Vmax) were reduced by treatment 
with capecitabine. A time-delay was observed between capecitabine administration and the 
effect on indisulam pharmacokinetics. This time-delay was consistent with the results from 
a previous study, where losartan was used as a pharmacokinetic marker to prospectively 
investigate CYP2C9 activity after treatment with 5-fluorouracil.[36] On at least three 
consecutive days of a 21-day treatment cycle, 5-fluorouracil (425 mg/m2) was administered 
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in a 1-hour infusion in combination with folinic acid (20 mg/m2). Prior to the first treatment 
cycle and immediately after the last infusion of 5-fluorouracil of each cycle, losartan was 
administered and urine was collected during the following 8 hours. In accordance with the 
results of our study, enzymatic activity was unchanged after cycle 1, but was significantly 
reduced after cycle 3.[36] In a preclinical study in rats, it was demonstrated that CYP2C9 
activity was decreased at day 4 after treatment with capecitabine or its metabolite 5’-DFUR 
and was partially recuperated at day 7.[37] The time profile of the enzyme in the 
pharmacokinetic model was in agreement with this finding, because at the beginning of 
each cycle and 7 days after interruption of capecitabine treatment, the amount of active 
enzyme was also partially recovered.  
In a previous pharmacogenetic study of indisulam, the non-linear elimination pathway was 
shown to be reduced in patients with one or more CYP2C9*3 mutations.[38] The current 
study demonstrates that the non-linear elimination pathway of indisulam was also inhibited 
by (a metabolite of) capecitabine. Since it has often been reported that treatment with 
capecitabine or 5-fluorouracil inhibits CYP2C9 mediated processes [18-20,36,37,39,40], it is 
likely that the Michaelis Menten elimination rate is proportional to CYP2C9 activity. Both 
the pharmacogenetic study and the current study provide supportive evidence that 
metabolism of indisulam by CYP2C9 is a saturable process in vivo.  
CYP2C mediated metabolism of indisulam might be reduced by concomitant use of 
capecitabine and by polymorphisms of CYP2C enzymes. Based on advanced PK-PD 
analysis, we suggested a dose reduction of 150 mg/m2 indisulam when it is combined with 
capecitabine. For CYP2C polymorphisms, we previously proposed dose reductions of 50 
and 100 mg/m2 per mutated allele in the genes encoding for CYP2C9 and CYP2C19 
respectively.[24] The development of a combined dosing strategy for indisulam and 
capecitabine in patients with variant CYP2C genotypes is hampered by the non-linear 
pharmacokinetic profile of indisulam and by the limited data available. A pharmacogenetic 
study of indisulam in combination with capecitabine seems warranted. 
A time-dependent decrease of CYP2C9 activity resulted in increased indisulam exposure 
and decreased nadir blood cell counts. The hematological toxicity of the combination was 
adequately described by the model during the first six months of treatment. Conversely, the 
predictive power was low in patients who received more than eight treatment cycles. 
Figures 5C and 5E show that neutrophil and thrombocyte counts at late time points were 
mainly above the predictions for a typical patient. This bias was probably not due to model 
misspecification, but represents selection bias. Patients with relatively low sensitivity to 
chemotherapy-induced hematological toxicity tolerated the initial treatment cycles and 
could continue on study treatment, while patients with adverse events dropped out of the 
study. This clinical selection of patients with high tolerability has resulted in measurement 
of relatively high neutrophil and thrombocyte counts after multiple treatment cycles. In the 
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simulation study, drop-out of patients was not taken into account. Therefore, the risks of 
dose limiting neutropenia may be lower in clinical practice than in the simulation study 
after multiple treatment cycles. Importantly, this does not affect our conclusion that the risk 
of dose limiting neutropenia was similar for indisulam 550 mg/m2 in combination with 
capecitabine 1250 mg/m2 BID and indisulam 700 mg/m2 mono-therapy.  
The typical time profile of neutrophils and thrombocytes after treatment with indisulam and 
capecitabine did not cause concern of severe myelosuppression (Figure 6). It is the 
variability between patients that is of major importance for the treatment outcome in 
individuals. Only those patients who are more sensitive than others to myelosuppressive 
effects of chemotherapy may experience severe hematological adverse events. Consequent-
ly, in order to assess the safety of a dosing regimen, it is essential to take into account 
interindividual variability. Simulation studies are a valuable tool to evaluate treatment 
outcome and risk of adverse events, because large patient populations can be assessed. The 
lower the risk of adverse events, the more replicate simulated clinical trials are required to 
accurately evaluate the safety of a dosing regimen. In the current study, the developed PK-
PD model was applied to simulate cohorts of 10,000 patients to demonstrate that the risk of 
dose limiting neutropenia was acceptable at a dose level of indisulam 550 mg/m2 in 
combination with capecitabine 1250 mg/m2 BID during multiple treatment cycles.  
In conclusion, this study revealed a time-dependent pharmacokinetic drug-drug interaction 
between indisulam and capecitabine. This may be caused by inhibition of CYP2C9 synthesis 
by (a metabolite of) capecitabine. The pharmacokinetic interaction resulted in an increase of 
indisulam exposure and an increased incidence of dose limiting neutropenia after multiple 
treatment cycles, which was adequately described by the presented model. The 
pharmacokinetic and pharmacodynamic analysis provided insight into the mechanism 
underlying the drug-drug interaction between indisulam and capecitabine and provided a 
basis for the development of a safe dosing regimen. 
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Abstract  

Background and aim  
Indisulam and carboplatin showed synergistic activity in preclinical studies. In a dose 
escalation study of the combination, a treatment delay was frequently required in a 3-
weekly regimen to allow recovery from myelosuppression from previous cycles. A 4-weekly 
regimen was better tolerated, but had a decreased dose-intensity which may compromise 
efficacy. The aims of this study were 1) to develop a PK-PD model to describe the 
myelosuppressive effect of the combination and 2) to use this model to select a dosing 
regimen for indisulam in combination with carboplatin for phase II evaluation. 
 
Methods 
Sixteen patients were treated at 4 different dose levels of indisulam (1-hour infusion on day 
1) and carboplatin (30-min infusion on day 2). Pharmacokinetic data were analyzed with 
non-linear mixed effects modeling using a previously developed population pharmaco-
kinetic model for indisulam and a two-compartment model for carboplatin. A semi-
physiological model describing chemotherapy-induced myelosuppression was applied to 
characterise the relationship between the pharmacokinetics and the hematological toxicity of 
indisulam and carboplatin. A simulation study was performed to evaluate the tolerability 
and dose-intensity for 3-weekly and 4-weekly treatment regimens. 
 
Results  
The PK-PD model described the pharmacokinetics and the combined myelosuppressive 
effect of indisulam and carboplatin. The risk of a treatment delay at cycle 2 due to 
myelosuppression was unacceptably high (34-65%) in a 3-weekly regimen for a range of 
dose levels (350-700 mg/m2 indisulam in combination with 4-6 mg∙min/ml carboplatin) 
evaluated in the simulation study. This risk could only be reduced to a tolerable extent for a 
4-weekly regimen (9-24%), which is in line with the limited data available from the clinical 
study.  
 
Conclusions  
This PK-PD study supports the selection of indisulam 500 mg/m2 and carboplatin 6 
mg∙min/ml in a 4-weekly regimen as the recommended dose for future studies.  
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Introduction 

Indisulam is a sulphonamide anticancer agent that inhibits the cell-cycle at multiple check-
points. The compound was shown to suppress the expression of cyclin E and 
phosphorylation of cyclin-dependent kinase 2 (CDK2), causing a disruption of the G1/S 
transition of the cell cycle.[1]  
Indisulam was well tolerated in a single agent phase II study in patients with non-small cell 
lung cancer (NSCLC) who were pretreated with platinum-based therapy.[2] Flow 
cytometric analysis of bronchial brushings demonstrated that tumor-specific apoptosis was 
induced by treatment with indisulam, but only minor responses were observed. 
In a human xenograft model for NSCLC (Lu99) in mice, indisulam and cisplatin had 
synergistic antitumor effects. The synergism was only observed when indisulam was 
administered prior to cisplatin. The synergism between these drugs and the relevance of the 
administration sequence may be explained by an indisulam-induced reduction of 
intracellular levels of glutathione. The expression of glutathione synthetase mRNA was 
down-regulated 24 h after administration of indisulam.[3] A reduction of intracellular 
glutathione may enhance the activity of platinum-based anticancer agents, because platinum 
agents are intracellularly detoxified by a reaction with the thiol group of glutathione.[4,5] 
Based on the synergistic antitumor efficacy of indisulam and carboplatin in preclinical 
studies, a phase I dose escalation study was performed to select a recommended dose of the 
combination in a 3-weekly regimen for phase II evaluation.[3] As expected, the dose-limiting 
toxicity of the combination was myelosuppression. Both neutropenia (dose-limiting for 
indisulam monotherapy) and thrombocytopenia (dose-limiting for carboplatin 
monotherapy) were frequently observed.[6,7] Indisulam in combination with a standard 
dose of carboplatin (AUC 5-6 mg∙min/ml) was not well tolerated in a 3-weekly regimen, 
because treatment delays were often required for patients to recover from serious 
myelosuppression.[3] The combination therapy seemed not feasible in a 3-weekly regimen 
for further phase II evaluation. At the dose level 500 mg/m2 indisulam and 6 mg∙min/ml 
carboplatin, no dose-limiting toxicities were observed and that a second treatment cycle 
could be administered 4 weeks after the first cycle. Therefore, the investigators suggested 
that a 4-weekly dosing regimen of 500 mg/m2 indisulam and 6 mg∙min/ml carboplatin 
should be considered for phase II development. However, in the clinical study only a 
limited number of patients was treated at the different dose levels and treatment intervals.  
Platinum-based doublet chemotherapy has long been the standard treatment for patients 
with advanced NSCLC.[8] Most regimens are administered in 3- or 4-weekly treatment 
cycles allowing time for bone marrow recovery.[9-11] To increase dose-intensity and to 
optimize the efficacy of platinum-based combination treatments, weekly and biweekly 
regimens are also being evaluated.[12-14] For the combination indisulam-carboplatin, the 
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extension of each treatment cycle to 4 weeks may compromise the dose-intensity and the 
efficacy during phase II evaluation. 
In this study, a pharmacokinetic and pharmacodynamic (PK-PD) analysis was performed to 
evaluate the contribution of both compounds to the severe myelosuppression that was 
observed in the clinical study. The safety and tolerability of combination therapy with 
indisulam and carboplatin was evaluated in silico for various dose levels in 3-weekly and 4-
weekly treatment schedules using PK-PD modeling. A treatment regimen was considered 
safe and tolerable if the risk of dose-limiting toxicity and/or treatment delay was below 33%. 
This was in accordance with the commonly used definition in phase I studies of the non-
tolerated dose level (i.e. the lowest dose level where 2 or more out of 6 patients experience 
dose-limiting toxicity). The aim of this analysis was to select a tolerable dosing schedule 
with maximal dose-intensity for the indisulam-carboplatin regimen for phase II evaluation.   
 

Methods  

Clinical study design 
A phase I dose escalation study was performed in patients with solid tumors who did not 
respond to standard chemotherapy. Indisulam was administered in a 1-hour infusion on 
day 1 of each 3-weekly treatment cycle. The indisulam dose was based on body surface area 
(BSA) and was escalated from 350 mg/m2 to 500 mg/m2, 600 mg/m2 and 700 mg/m2. 
Carboplatin doses were calculated with the Calvert formula, targeted to an area under the 
concentration-versus-time curve (AUC) 6 mg∙min/ml.[15] 
Carboplatin was administered in a 30-minute infusion on day 2. Patients were treated in 3-
patient cohorts that were extended to 6-patient cohorts if dose-limiting toxicity (DLT) was 
observed. When 2 or more DLTs were observed in a 6-patient cohort, the carboplatin dose 
was reduced to 5 mg∙min/ml in the subsequent cohort. If the combination of indisulam with 
5 mg∙min/ml carboplatin was tolerated, the dose of indisulam was further increased to the 
next dose level. Patients were assessed for toxicity and pharmacokinetics during the first 
treatment cycle.  After the first cycle, treatment could continue, provided that patients were 
recovered from neutropenia (neutrophil count >1.5∙109/L) and thrombocytopenia (thrombo-
cyte count >100∙109/L). To promote recovery from severe myelosuppression, patients could 
receive a thrombocyte concentrate or could be treated with granulocyte colony stimulating 
factor (G-CSF) at the discretion of the investigator. The study protocol was approved by the 
local medical ethics committee and all patients gave written informed consent. Details about 
patient evaluation and follow-up have been described in a previous publication.[3] 
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Data collection 
Pharmacokinetic sampling was performed in all patients during the first treatment cycle. 
For bioanalysis of indisulam in plasma, 15 blood samples (4 ml) were collected: pre-infusion, 
30 minutes after the start of infusion, at the end of the infusion, at 10 and 30 minutes and at 
1, 2, 4, 6, 8, 24, 48, 72, 96 and 168 hours after the end of the infusion. In addition, indisulam 
samples were taken prior to infusion and at the end of infusion during cycle 2. The samples 
were centrifuged at room temperature for 10 minutes at 1500 g immediately after collection. 
Plasma was stored at –20°C until analysis. Indisulam plasma concentrations were measured 
by validated method using high-performance liquid chromatography coupled to an 
electrospray ionization tandem mass spectrometer (LC/ESI-MS/MS) as described 
previously.[16]  
For carboplatin analysis, 8 blood samples (5 ml) were collected: before administration, at the 
end of infusion and at 1, 2, 4, 6, 8 and 23 hours after the end of infusion. The samples were 
centrifuged at 4°C for 5 minutes at 1500 g and plasma was stored at –20°C until analysis. 
Platinum concentrations were also measured in plasma ultrafiltrate after ultrafiltration at 
1500 g for 15 minutes at room temperature using Amicon ultrafiltration devices with a YMT-
14 membrane (30 kDa MW cut-off, Millipore Corporation, Bedford, MA, USA). Graphite-
furnace atomic-absorption spectrometry was used for bioanalysis.[17] 
An extra blood sample was collected to determine the genotype for the cytochrome P450 
enzymes CYP2C9 and CYP2C19, which are recognized as the major indisulam-metabolizing 
enzymes. Blood counts of neutrophils and thrombocytes were assessed twice weekly as 
clinical routine measurements.  
 
Population pharmacokinetic and pharmacodynamic model development 
Indisulam pharmacokinetics, carboplatin pharmacokinetics and the myelosuppressive effect 
of the combination treatment were described by compartmental models using non-linear 
mixed effects modeling. All data were logarithmically transformed and analyzed with 
NONMEM (version V, level 1.1) (GloboMax LLC, Hanover, MD, USA). [18] The First-Order 
Conditional Estimation (FOCE) method was used, with interaction (INTER) between the 
interindividual and residual random effects, to estimate the pharmacokinetic parameters of 
carboplatin. The First-Order (FO) method was used for estimation of the pharmacokinetic 
parameters of indisulam and the pharmacodynamic parameters of myelosuppression in 
order to restrict run times to acceptable duration.  
Variability between patients was described with an exponential function (Pi  = TVP + eηi). 
For each ith patient, the individual deviation (ηi) from the population typical value (TVP) 
was estimated. The difference between observations and the corresponding predictions was 
modeled as an additive error on a logarithmic scale (ln(OBSij) = ln(PREDij) + εij) where εij 
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represents the difference between the natural logarithm of the jth observation in the ith 
patient and the corresponding prediction. 
 
Pharmacokinetic model of indisulam 
A semi-physiological pharmacokinetic model of indisulam was developed previously.[19] 
Briefly, the backbone of the pharmacokinetic model consisted of 4 physiological 
compartments: plasma (PL), red blood cells (RBC), interstitial fluid (IF) and tissue (TIS) 
(Figure 1). Indisulam was saturably bound to plasma proteins in plasma and in interstitial 
fluid (Bmax PL, KD PL, Bmax IF, KD IF), to carbonic anhydrase in red blood cells (Bmax RBC, KD RBC) and 
to tissue components (Bmax TIS, KD TIS). In addition, indisulam was non-specifically bound to 
red blood cells and tissue components (NRBC, NTIS). Drug elimination was described by two 
parallel pathways: a linear elimination pathway (CL) and a saturable Michaelis Menten 
pathway (Vmax, Km).  
Data from the current study were included to extend this pharmacokinetic model to a 
pharmacokinetic and pharmacogenetic model. This extended model was used in the current 
analysis and has been published previously.[20] Mutations of the CYP2C genes were related 
to the pharmacokinetic parameters describing the elimination of indisulam (CL and Vmax). 
The CYP2C9*3 mutation was related to a reduced maximal elimination rate (Vmax) of 
indisulam. Polymorphisms of the CYP2C19 gene (*2 and *3) were related to a lower 
indisulam clearance (CL). Maximum a posteriori (MAP) Bayesian estimates of individual 
pharmacokinetic parameters of indisulam for the patients included in this study were 
obtained from the population parameters of the previously published pharmacokinetic and 
pharmacogenetic model and the data from the current study, using the POSTHOC option of 
NONMEM.[20] 
 
Pharmacokinetic model of carboplatin 
The pharmacokinetic results of ultrafiltrable carboplatin were fitted to an open two-
compartment model with first-order elimination (Figure 1).[21-23] The clearance of 
carboplatin (CLcarboplatin i, Equation 2) was estimated as a linear function of the creatinine 
clearance, as predicted by the Cockcroft-Gault formula (CLcreatinine CG i, Equation 1). In 
Equation 2, CLcreatinine CG i ∙ θ1 represents the typical renal clearance and θ2 corresponds to the 
typical non-renal clearance of carboplatin, which has previously been estimated at 1.5 L/h by 
Calvert et al.[15]  
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          [140-age]∙weight (kg)∙0.85 (for female)∙0.074 
CLcreatinine CG i (L/h)  =                        (Eq.1) 
                                                  serum creatinine (μM)  
 
 
CLcarboplatin i (L/h)  =    [CLcreatinine CG i ∙ θ1 + θ2] ∙ eηi                          (Eq.2) 
 
 
Pharmacokinetic-pharmacodynamic model for myelosuppression 
The time courses of neutropenia and thrombocytopenia were described by a semi-
physiological model, which has been introduced by Friberg et al. and which has previously 
been applied to describe the hematological effect of indisulam by us.[24,25] This model 
comprised a progenitor compartment for proliferating blood cells, linked to a series of three 
compartments representing the maturation chain in the bone marrow and leading to the 
central circulation compartment (Figure 1). 
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Figure 1. Structural models to describe indisulam pharmacokinetics, carboplatin pharmacokinetics and hematological 
toxicity. Indisulam: Bmax: maximal specific binding capacity; KD: equilibrium dissociation constant; N: non-specific 
binding constant; Q: intercompartmental clearance; CL: clearance; Vmax: Michaelis Menten maximal elimination rate; 
Km: Michaelis Menten constant. Carboplatin: CL: clearance; V1: central volume of distribution; V2: peripheral volume of 
distribution; Q: intercompartmental clearance. Hematological toxicity: kprol: proliferation rate constant of progenitor 
blood cells; ktr: transition rate constant. 
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Two system related parameters were estimated: mean transit time (MTTblood cells) and a 
feedback parameter gamma (γ_blood cells). The MTTblood cells was the average time between cell 
proliferation and completion of maturation and was related to the first order transition rate 
constant ktr blood cells (=4/MTTblood cells). The feedback parameter represented the induction 
of stem cell proliferation by endogenous growth factors and/or cytokines.[26] 
Myelosuppressive effects of both drugs were estimated. The proliferation rate was reduced 
by the effect of indisulam (E_indisulam) and/or carboplatin (E_carboplatin) according to linear 
functions (kprol=ktr blood cells ∙(1-E_indisulam_-E_carboplatin)). The myelosuppressive effects of indisulam 
and carboplatin were supposed to be proportional to the plasma concentrations of 
indisulam (E_indisulam = slope_indisulam ∙ C_indisulam) and unbound carboplatin (E_carboplatin = 
slope_carboplatin ∙ C_carboplatin).  
Exposure to indisulam might enhance the efficacy and/or toxicity of carboplatin (see 
Introduction and Discussion). An interaction term was estimated to quantify the potential 
synergism of indisulam and carboplatin in myelosuppression (Equation 3) (additive effect: 
slope_inter=0; antagonism: slope_inter<0; synergism: slope_inter>0). 
 
kprol=ktr blood cells∙(1-E_indisulam -E_carboplatin- slope_inter ∙ C_carboplatin∙C indisulam)             (Eq.3) 
 
Transfusion of thrombocytes was modeled as a bolus dose into the last compartment of the 
semi-physiological model, representing the central circulation. The volume of distribution 
corresponded to the blood volume. This is known to be related to the body surface area 
(BSA; m2)  and was calculated using Equation 4a for males and Equation 4b for females.[27] 
 
BLmale = (3.29 ∙ BSA - 1.229)                 (Eq.4a) 
BLfemale = (3.47 ∙ BSA - 1.954)                (Eq.4b) 
  
Pharmacodynamic parameters were estimated conditionally on the population 
pharmacokinetic parameters of indisulam and carboplatin, which were fixed in this stage of 
model development. All data (concentrations of indisulam and ultrafiltrable carboplatin, 
neutrophil and thrombocyte counts) were used in the pharmacokinetic-pharmacodynamic 
analysis, in order to obtain MAP Bayesian estimates of the individual pharmacokinetic 
parameters of indisulam and carboplatin and to estimate the pharmacodynamic population 
parameters of neutropenia and thrombocytopenia. This method has been described in detail 
by Zhang et al.[28] 
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Model evaluation  
The pharmacodynamic model of myelosuppression was evaluated by a case-deletion 
diagnostic procedure and a numerical predictive check. The case-deletion diagnostic 
procedure was performed to assess bias of parameter estimates.[29] Sixteen consecutive 
analyses were performed using data from 15 out of 16 patients. If the parameter estimates of 
a case-deletion diagnostic procedure were similar to the estimates resulting from the full 
dataset, the parameter estimates were considered not to be highly dependent on single 
individuals. For the numerical predictive check, 1000 datasets were simulated from the 
parameter estimates of the final model and for each observation the 90% prediction interval 
was defined. The model was considered unbiased if approximately 10% of the neutrophil 
and thrombocyte counts (randomly distributed over the time and observation range) were 
below or above the prediction interval.  
 
Simulation study  
A simulation study was performed to evaluate the tolerability of various dose levels of the 
combination indisulam-carboplatin in 3-weekly and in 4-weekly treatment schedules. Using 
the final pharmacokinetic and pharmacodynamic model of neutropenia and 
thrombocytopenia, cohorts of 10,000 patients were simulated with the SIMULATION option 
of NONMEM to determine the risk of treatment delay and dose-limiting myelosuppression 
using the parameter estimates from the model developed on data from the clinical study.  
Relevant patient characteristics (Table 1) were simulated from geometric means and 
variances that were derived from a larger population of 412 patients (including the current 
16 patients) that have been treated with indisulam.[30] These geometric means and 
variances were determined for males and females independently (e.g. WTmales 77.1 kg ± 21% 
and WTmales 63.7 kg ± 15%) and were subsequently used to simulate patient cohorts 
consisting of equal proportions of males and females. Furthermore, a CYP2C genotype was 
randomly assigned to all patients. The allele frequencies of the relevant CYP2C9*3 and 
CYP2C19*2 polymorphisms were 8.4% and 14.7%, respectively. These relative frequencies 
are representative for a Caucasian patient population.[31] The reported frequency of 
CYP2C19*3 was low (0.04%). This polymorphism was therefore not considered relevant for 
the simulation study. 
The carboplatin dose (mg) for each patient was calculated from the target AUC (mg∙min/ml) 
and the simulated patient characteristics, using Equation 1 and Equation 5. A random effect 
was added to determine the individual carboplatin clearance using Equation 2. 
Consequently, the carboplatin AUC in the simulated patients was randomly distributed 
around the target AUC. 
 
Dosecarboplatin = target AUC ∙ [CLcreatinine CG,i  ∙ θ1 + θ2] ∙ 1000/60                   (Eq.5) 
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Treatment delay was indicated for patients with ≥ grade 2 neutropenia and/or thrombocyto-
penia (absolute neutrophil count < 1.5∙109/L ; thrombocyte count < 100∙109/L ) at the planned 
time of dosing. Dose-limiting toxicity was defined as grade 4 neutropenia (absolute 
neutrophil count <0.5∙109/L) during more than 7 days or grade 4 thrombocytopenia 
(thrombocyte count <10∙109/L). The proportion of patients with dose-limiting 
myelosuppression and/or treatment delay in each simulated cohort was equal to the risk of 
an individual patient. Various dose combinations of indisulam (350 mg/m2, 500 mg/m2, 600 
mg/m2 and 700 mg/m2) and carboplatin (AUC 4 mg∙min/ml, AUC 5 mg∙min/ml, AUC 6 
mg∙min/ml) were evaluated. In accordance with the common definition of a non-tolerated 
dose in dose escalation studies, a dosing regimen was considered non-tolerated if 2 or more 
out of 6 patients (>33%) had an overall risk of dose-limiting myelosuppression and/or 
treatment delay. If the risk of DLT and/or treatment delay was below 33%, the tolerability 
was considered acceptable. 
  

Results  

Patients and data 
Four dose levels of the combination indisulam (mg/m2) / carboplatin (mg∙min/ml) were 
evaluated in the clinical study: 350/6, 500/6, 600/6, 600/5. In total, 16 patients were treated 
with the combination. Patient characteristics are listed in Table 1. In total, 53 cycles were 
administered (median 2, range 1-7). Of 37 doses that were administered after the first 
treatment cycle, 30 were delayed due to unresolved thrombocytopenia and/or neutropenia. 
During the course of the study, 11 patients (69%) had grade 3 or 4 thrombocytopenia 
according to the Common Toxicity Criteria (CTC) and 10 patients (62.5%) had CTC grade 3 
or 4 neutropenia. During follow up, no patients were treated with G-CSF to support 
recovery from severe neutropenia. Thrombocyte concentrates were administered to 4 
different patients in a total of 6 treatment cycles. Pharmacokinetic and haematology data 
were available for all patients. 
 
Table 1. Characteristics of the patients included in the dose escalation study and in the PK-PD analysis. 

 Median Range 
Age   (years) 63 19 – 81  
Body surface area  (m2) 1.73 1.36 – 2.22 
Weight    (kg) 66 43 – 116 
Serum creatinine  (μmol/L) 74 33 – 132 

  
n 

 

Race   Caucasian 16  
Gender   male 
   female 

11 
5  
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Population pharmacokinetic and pharmacodynamic model development 
Pharmacokinetic model of indisulam 
The time profile of the indisulam plasma concentrations (n=218) was non-linear (Figure 2a) 
and could be described by the semi-physiological pharmacokinetic and pharmacogenetic 
model (Figure 2b). Variability of exposure to indisulam was large. The AUC varied more 
than 8-fold from 400 mg∙h/L to 3300 mg∙h/L, which could be partly explained by differences 
in dose levels (350 mg/m2 – 600 mg/m2) in combination with the non-linear pharmaco-
kinetics, and partly by genetic variation. In this study, 9 patients had a CYP2C genotype that 
was related to a reduced elimination of indisulam (CYP2C9*3: n=6; CYP2C19*2: n=3). 
 
Pharmacokinetic model of carboplatin 
Concentrations of carboplatin in plasma ultrafiltrate (n=111) could be well described by an 
open linear two-compartment model (Figure 2c and 2d). θ2 (Equation 2) was not 
significantly different from 1.5 L/h (Calvert et al. [15]) and was subsequently fixed to this 
value. The population parameter estimates of the final model are listed in Table 2. The AUC 
of carboplatin was targeted at 5 or 6 mg∙min/ml for all patients, but the actual exposure 
varied between 5 and 10 mg∙min/ml. This was reflected in the estimate of 0.76 for θ1, which 
indicates that the creatinine clearance as predicted by the Cockcroft-Gault formula was 
higher than the renal clearance of carboplatin in this study. 
 
Table 2. Population pharmacokinetic parameter estimates of ultrafiltrable carboplatin. 

 Estimate (RSE) ‡   IIV § (RSE) ‡   
Clearance (CL) (L/h) CL creatinine CG ∙ 0.76#+1.5¥ (0.05)# 13% (0.27) 
Volume of central compartment  (L) 15.5 (0.19) 54% (1.46) 
Inter-compartmental clearance  (L/h) 3.46 (0.18) 46% (0.39) 
Volume of peripheral compartment  (L) 9.86 (0.11) 31% (0.41) 
Residual error  (%) 8.2 (0.11)   

§ IIV= unexplained interindividual variability 
‡ RSE= relative standard error 
# θ2 in Eq.2 was estimated at 0.76 (RSE=0.05). 
¥ The non-renal clearance of carboplatin was fixed at 1.5 L/h. 
 
Pharmacokinetic-pharmacodynamic model of myelosuppression 
In total, 247 measurements of the absolute neutrophil count and 241 thrombocyte counts 
were available. In Table 3, the pharmacodynamic parameters are listed for the models of 
neutropenia and thrombocytopenia. All system-related parameters (MTT, γ) could be 
precisely estimated. The data did not contain sufficient information to estimate the slope for 
indisulam and for carboplatin independently. The slopes of indisulam were set to the values 
that were previously determined based on indisulam monotherapy.[25] A random effect of 
the inhibition of the proliferation rate was estimated for each type of blood cells (Table 3). In 
addition, a correlation coefficient was estimated on this random effect to capture co-variance 
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between the severity of neutropenia and thrombocytopenia between patients. This 
correlation coefficient was estimated to be 0.61. 
The total number of thrombocytes in the concentrates administered to patients was not 
recorded and was therefore estimated in the PK-PD analysis (4.01 ∙ 1011). This estimate was 
in accordance with the content of one unit of the thrombocyte concentrate product that was 
used for thrombocyte transfusions (2-4 ∙ 1011 cells).  
The estimates of slope indicated that exposure to indisulam had a large impact on the risk of 
neutropenia (slopeneutrophils 0.054 L/μmol > slopethombocytes 0.018 L/μmol), while exposure to 
carboplatin highly influenced the risk of  thrombocytopenia (slopeneutrophils 0.216 L/μmol > 
slopethombocytes 0.300 L/μmol). Synergism of indisulam and carboplatin in myelosuppression 
could not be demonstrated. Both for the neutropenic and the thrombocytopenic effects, the 
interaction terms were not significantly different from 0. 
 
Table 3. Population pharmacodynamic parameter estimates for the semi-physiological model of myelosuppression 
after treatment with indisulam and carboplatin. 

 Estimate (RSE) ‡   (range) * IIV § (RSE) ‡   (range) * 
 
Absolute neutrophil count 

      

MTT (h) 178 (0.04) (175-184) 17% (0.23) (16%-19%) 
γ 0.147 (0.08) (0.143-0.155) - - - 
Slope indisulam (L/μmol) 0.054 (fixed) - 
Slope carboplatin (L/μmol) 0.216 (0.08) (0.208-0.228) 61%** (0.64) (41%-67%) 

Residual error (%) 48 (0.12) (42-50) - - - 
 
Thrombocyte count 

      

Dose thrombocyte 
transfusion  

401∙109 (0.54) (136-719) - - - 

MTT (h) 142 (0.06) (125-148) 16% (0.53) (14%-27%) 
γ 0.176 (0.08) (0.155-0.182) - - - 
Slope indisulam (L/ μmol) 0.018 (fixed) - 
Slope carboplatin  (L/μmol) 0.300 (0.09) (0.258-0.320) 26%** (0.76) (19%-33%) 

Residual error (%) 56 (0.13) (48-59) - - - 
‡ RSE= relative standard error 
* Range of estimates from case-deletion diagnostic procedure 
§ IIV= interindividual variability 
** The correlation coefficient between the inhibitory effects of the combination for neutrophils and thrombocytes was 
estimated at 0.61. 
 
Model evaluation  
The results of the case-deletion diagnostic procedure are listed in Table 3. Parameter 
estimates that were obtained with data from 15 out of 16 patients corresponded well to the 
estimates that were obtained with all data. Only the dose of thrombocytes that was 
administered during a transfusion was highly dependent on single patients, because only 
four individuals received one or more thrombocyte transfusions.  
A predictive check was performed for all neutrophil and thrombocyte counts. Of 241 
observed neutrophil counts, 9 (3.7%) were below the prediction interval. Of 247 
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thrombocyte counts, 18 (7.3%) were below the prediction interval. These numbers were 
close to the ideal 5% of all observations. However, only 1 observation was above the 
prediction interval. This may indicate model misspecification, but it did not affect the results 
of this study, because the simulated risks of DLT and treatment delay were determined 
based on the proportion of patients with low nadir blood cell counts. 
 
Simulation study  
Table 4 and Figure 4 show the simulated risks of treatment delay and dose-limiting toxicity 
for a range of dose combinations of indisulam and carboplatin. For all 3-weekly regimens, 
the risk of treatment delay was higher than the target risk of 33%. Even for the combination 
of the two lowest dose levels (350 mg/m2 indisulam and 4 mg∙min/ml), the risk of dose delay 
was estimated to be 34%. The risk further increased with increasing doses of both indisulam 
and carboplatin. In Table 4, the risks of thrombocytopenia and neutropenia are listed 
separately. The predicted risks were lower for thrombocytopenia than for neutropenia, as 
opposed to the results of the clinical study where the incidences of thrombocytopenia and 
neutropenia were similar (see Discussion). The 4-weekly regimens were better tolerated. The 
risk of treatment delay in a 4-weekly regimen was predicted to be 9% to 24%.  
The risk of DLT and/or treatment delay was considered to select a regimen with acceptable 
tolerability (risk<33%) and optimal dose-intensity. For the combination of 500 mg/m2 

indisulam and 6 mg∙min/ml carboplatin in a 4-weekly regimen, the risk of DLT and/or 
treatment delay was 32%. This dosing regimen seems to be acceptable regarding tolerability 
and optimal regarding dose-intensity.  
 
Table 4. Results of the simulation study. T/N= thrombocytopenia and/or neutropenia; T=thrombocytopenia; 
N=neutropenia 

Dose 
indisula

m 
(mg/m2) 

 
 

Target dose 
carboplatin 
(mg·min/ml) 

 
 
 

Risk of dose-limiting 
myelosuppression 
during first cycle 

(DLT) 
 

    T             N          T/N 

Risk of delay 
at cycle 2 due to 

myelosuppression 
3-weekly regimen 

 
      T             N          T/N 

         Risk of delay                 Delay 
       at cycle 2 due to             and/or 
     myelosuppression             DLT    
      4-weekly regimen             4-wk   
                                                    
     T             N           T/N          T/N 

350 4 0.5% 5.8% 6.1% 15% 22% 34% 2.9% 6.5% 9.2% 13% 
500 4 1.1% 11% 12% 16% 32% 41% 3.0% 10% 13% 20% 
600 4 1.4% 15% 16% 17% 37% 46% 2.7% 13% 15% 24% 
700 4 1.8% 20% 20% 18% 43% 52% 3.4% 16% 18% 29% 
350 5 2.0% 9.2% 10% 19% 27% 40% 3.2% 8.8% 12% 18% 
500 5 2.9% 15% 16% 21% 38% 49% 3.0% 13% 16% 25% 
600 5 3.9% 21% 22% 24% 43% 55% 3.5% 16% 19% 31% 
700 5 4.8% 24% 26% 25% 49% 60% 3.5% 17% 20% 35% 
350 6 5.6% 13% 17% 26% 34% 50% 4.0% 11% 15% 25% 
500 6 6.4% 19% 23% 27% 43% 57% 3.6% 15% 18% 32% 
600 6 8.2% 25% 29% 29% 50% 62% 3.6% 18% 21% 38% 
700 6 9.3% 29% 33% 30% 53% 65% 3.7% 21% 24% 41% 

 



 
 
 
 
 
Chapter 6.1 

230 
 
 
 
 

350 500 600 700

4

6

5

0%

20%

40%

60%

80%

risk of treatment 
delay

dose indisulam (mg/m2)

dose carboplatin 
(mg ? min/ml)

dose carboplatin
(mg ∙min/ml)

A  

350 500 600 700

4
5

6
0%

20%

40%

overall risk of 
DLT or treatment 

delay

dose indisulam (mg/m2)

dose carboplatin 
(mg ? min/ml)

32%

dose carboplatin
(mg ∙ min/ml)

B  
 

Figure 4. Graphical representation of the results of the simulation study. A: The predicted risk of a treatment delay in 
3-weekly ( ) and 4-weekly treatment regimens ( ) of various dose combinations of indisulam and carboplatin. In all 
3-weekly regimens, the risk was unacceptably high. B: The predicted overall risk of dose-limiting myelosuppression 
and/or treatment delay after 4 weeks for the various dose combinations. The risk was estimated at 32% for the 
combination 500 mg/m2 indisulam and 6 mg∙min/ml carboplatin. 
 
 

Discussion  

In the phase I dose escalation study of the investigational cell-cycle inhibitor indisulam in 
combination with carboplatin, only 16 patients were treated at various dose levels. Due to 
wide variability between individuals, the study outcome might be highly influenced by the 
random patient selection. In the clinical study, 3 out of 4 patients had a dose-limiting 
toxicity at the 600 mg/m2 indisulam / 6 mg∙min/ml carboplatin dose level, which was 
therefore defined as the non-tolerated dose level. No dose-limiting toxicities were observed 
in 3 other patients who were treated with a lower indisulam dose of 500 mg/m2 in 
combination with the same dose of 6 mg∙min/ml carboplatin, but 2 out of 2 patients who 
received a second treatment cycle at this dose level, required a dose delay of 1 week. The 
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large difference in the incidence of DLTs between these 2 dose levels was probably partly 
related to the patient selection and it remained unclear to what extent the extra 100 mg/m2 of 
indisulam contributed to the observed toxicities. This could, however, be quantified by the 
presented population PK-PD analysis. In this integrated analysis, all pharmacokinetic and 
pharmacodynamic data were combined to evaluate the safety of various dose levels in a 
patient population, taking into account the variability between patients. 
The exposure to carboplatin in this study was higher than anticipated. All patients received 
an individual dose of carboplatin that was determined using a modified Calvert formula 
where the creatinine clearance, as predicted with the Cockcroft-Gault equation, was used as 
an estimate of the glomerular filtration rate.[15] The presented population pharmacokinetic 
analysis showed that the observed carboplatin clearance in this study was systematically 
lower than the predictions from the modified Calvert and Cockcroft-Gault formulas. This 
may be explained by different methods for determination of creatinine levels that were used 
in this study and by Cockcroft and Gault.  
Serum creatinine levels were previously measured with the alkaline picrate method of Jaffe. 
Serum creatinine levels are overestimated by this method as a result of the interference of 
non-creatinine chromogens. In the current study, serum creatinine levels were measured by 
more accurate enzymatic methods. Although serum creatinine is often assumed to be only 
eliminated by passive renal elimination, active tubular secretion accounts for about 20% of 
creatinine clearance.[32] The tubular secretion used to be counterbalanced by the 
overestimation of serum creatinine levels. However, in this study the lack of compensation 
for the tubular secretion of creatinine may have caused an overestimation of the glomerular 
filtration rate and consequently of the carboplatin clearance.  
The overestimation of the carboplatin clearance by the modified Calvert and Cockcroft-
Gault formulas resulted in higher exposure to carboplatin as compared to the target 
exposure in the clinical study. In the simulation study, however, the typical AUC 
corresponded to the target AUC of carboplatin. This may explain why the incidence of 
thrombocytopenia, the major toxicity of carboplatin, was similar to the incidence of 
neutropenia in the clinical study, whereas the risk of thrombocytopenia was lower than the 
risk of neutropenia in the simulation study.  
The inhibitory effects of indisulam and carboplatin on the proliferation rate of neutrophils 
and thrombocytes could not be estimated independently in the current analysis. The effects 
of indisulam were therefore set to the previously determined values for monotherapy.[25] 
This was considered feasible, because there is no indication that co-treatment with 
carboplatin would affect the cytotoxic effect of indisulam, which was administered one day 
prior to carboplatin. Conversely, indisulam might enhance the myelotoxicity of carboplatin. 
Preclinical studies demonstrated a synergistic effect of the combination when indisulam was 
administered prior to carboplatin. This synergism might not only play a role in the anti-
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tumor effect of the combination, but it might also increase the toxicity. Although synergistic 
toxicity could not be demonstrated in the current analysis, the presented pharmacodynamic 
model of myelosuppression should only be used to describe and predict the time course of 
thrombocytes and/or neutrophils after combination treatment with indisulam and 
carboplatin as opposed to single agent therapy.  
The mean transit time (MTT) in the semi-physiological model of myelosuppression is a 
system-related parameter and its value was shown to be consistent across drugs for 
neutrophils (geometric mean 116 h, geometric coefficient of variance 18% for 5 anticancer 
drugs).[33] For indisulam, the MTT of neutrophils was estimated to be 156 h and the MTT of 
thrombocytes was estimated to be 103 h in patients who were treated with indisulam 
monotherapy. In the current analysis of indisulam in combination with carboplatin, the 
estimates of the MTT for both neutrophils and thrombocytes were larger than expected. This 
may be explained by a difference between the pharmacokinetic profile of unbound 
carboplatin in plasma and the pharmacokinetic profile of activated intracellular carboplatin. 
The terminal half-life of unbound carboplatin in plasma was estimated to be 4.4 h in this 
study, for a typical male patient (age 60 years, weight 75 kg, serum creatinine 90 μmol/L), 
but the half-life of an activated intracellular metabolite of carboplatin (resulting from an 
activating reaction with L-methionine) might be as long as 28 h.[34] The sustained 
intracellular activity of carboplatin might be reflected by large estimates for MTT in this 
study. Alternatively, indisulam and/or carboplatin may affect cell differentiation of blood 
cells, in addition to the known inhibition the proliferation rate of progenitor cells. 
Indisulam was evaluated in combination with carboplatin in a phase I dose escalation study 
to assess the tolerability of the combination and to select a safe dose for future phase II 
development. It was concluded that the combination was not well tolerated in a 3-weekly 
treatment regimen in the clinical study, although only a very limited number of patients was 
treated. The current simulation study, which took into account the data from the clinical 
study and extensive PK-PD knowledge from indisulam monotherapy, demonstrated that a 
4-weekly regimen is better tolerated than a 3-weekly regimen. The risk of dose-limiting 
myelosuppression and/or a treatment delay to recover from myelosuppression was 
estimated to be 32% for a 4-weekly regimen of 500 mg/m2 indisulam and 6 mg∙min/ml 
carboplatin. This regimen was considered safe and feasible for phase II evaluation in 
patients with locally advanced or metastatic NSCLC. 
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Abstract  

 
Aim  
The phase I program of anticancer agents usually consists of multiple dose escalation 
studies to select a safe dose for various administration schedules. We hypothesized that 
pharmacokinetic and pharmacodynamic (PK-PD) modeling of an initial phase I study (stage 
1) can be used for selection of an optimal starting dose for subsequent studies (stage 2) and 
that a post-hoc PK-PD analysis enhances the selection of a recommended dose for phase II 
evaluation. The aim of this analysis was to demonstrate that this two-stage model-based 
design, which does not interfere in the conduct of trials, is safe, efficient and effective.  
 
Methods  
PK and PD data of dose escalation studies were simulated for 9 compounds and for 5 
administration regimens (stage 1) for drugs with neutropenia as dose-limiting toxicity. PK-
PD models were developed for each simulated study and were used to determine a starting 
dose for additional phase I studies (stage 2). The model-based design was compared to a 
conventional study design regarding safety (number of dose-limiting toxicities (DLTs)), 
efficiency (number of patients treated with a dose below the recommended dose) and 
effectiveness (precision of dose selection). Retrospective data of the investigational 
anticancer drug indisulam were used to show the applicability of the model-based design. 
 
Results  
The model-based design was as safe as the conventional design (median number of DLTs=3) 
and resulted in a reduction of the number of patients who were treated with a dose below 
the recommended dose (-27%, power 89%). A post-hoc model-based determination of the 
recommended dose for future phase II studies was more precise than the conventional 
selection of the recommended dose (RMSE 8.3% versus 30%).  
 
Conclusions  
A two-stage model-based phase I design is safe for anticancer agents with dose-limiting 
myelosuppression and may enhance the efficiency of dose escalation studies by reducing 
the number of patients treated with a dose below the recommended dose and by increasing 
the precision of dose selection for phase II evaluation. 
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Introduction 

The design of phase I dose escalation studies for experimental cytotoxic agents has 
extensively been discussed in the past decades. For safety issues, the initial dose level is 
usually far below the anticipated recommended dose.  In the conventional algorithm-based 
design, which uses modified Fibonacci escalation and three patients per cohort, this may 
result in treatment of many patients with a dose below the recommended dose.[1,2] A 
second disadvantage of the conventional design is the imprecise estimation of the 
recommended dose due to the limited number of patients at doses in the range of the 
recommended dose.[3]  
Various model-based modifications of the conventional method have been proposed, such 
as the continual reassessment method (CRM) [2], dose escalation with overdose control [4], 
the random walk rule (RWR) [5] and decision theoretic approaches [6]. These model-based 
methods generally treat fewer patients at a dose level below the recommended dose and 
result in a more precise estimate of the recommended dose.  
Although model-based approaches offer a promising alternative to the conventional phase I 
clinical trial designs in oncology, these methods are seldomly used in practice, which is 
largely due to operational difficulties and lack of prospective validation.[7] In order to avoid 
practical problems, He et al. proposed a post-hoc model-based determination of the 
recommended dose using results from conventional Fibonacci dose escalation trials.[8] This 
method allowed precise determination of the recommended dose without interfering in the 
conduct of the trial. Adversely, in their analysis, the number of patients treated at 
suboptimal dose levels was not optimized by this post-hoc analysis. 
During phase I development, various administration regimens are commonly evaluated. 
The regimen with the best tolerability, convenience and highest dose intensity is selected for 
further development. Dose escalation studies are usually performed in parallel to select the 
appropriate dose for each administration regimen and to accelerate clinical development.  
A two-stage model-based design is proposed for the phase I program of novel anticancer 
agents. The first stage of the model-based design is the conduct of a single phase I study 
using conventional modified Fibonacci-like dose escalation. During a model-based interim 
analysis, data from the first phase I trial are used to optimize the design of subsequent 
studies prior to their initiation. Optimization of the second stage of the design will be 
attained by 1) development of a pharmacokinetic and pharmacodynamic population model 
using data from the first stage and 2) a simulation study using the developed model, which 
will confer a safe dose to start dose escalation with alternative administration regimens. 
After the conduct of all dose escalation studies, the recommended doses for further clinical 
evaluation will be determined in a post-hoc analysis, which may enhance the effectiveness 
(precision of dose selection) of the phase I program.   
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The conduct of all dose escalation studies in this two-stage design is identical to the conduct 
of a classical dose escalation study. Only the starting doses during the second stage may be 
higher. The major advantage of the higher starting doses in the proposed two-stage model-
based design is a potential reduction of the number of patients to be treated at a dose level 
below the recommended dose. In addition to the ethical benefit, this may also result in a 
reduction of cost and time to complete a dose escalation study.  
The two-stage model-based design may be applied to investigational anticancer agents with 
well defined dose-limiting toxicity related to drug exposure. In the current analysis, the two-
stage model-based design was applied to anticancer agents with dose-limiting 
myelosuppression. Neutropenia is a common dose-limiting toxicity for cytotoxic agents and 
may cause serious infections, which may be fatal. The neutrophil count over time can be 
related to drug exposure by a semi-physiological PK-PD model.[9] The PK-PD 
characteristics of drugs with dose-limiting myelosuppression can thus be described by 
integrated PK-PD models. Therefore, anticancer agents with dose-limiting neutropenia were 
suitable compounds to demonstrate the potential of the proposed model-based analyses. 
Simulation studies were performed to evaluate the two-stage model-based design. The 
objectives of this research were to demonstrate that 1) the number of patients treated at a 
dose level below the recommended dose can be reduced by the proposed model-based 
analysis and that 2) the two-stage model-based design can be safely used to optimize the 
design of dose escalation studies in oncology. The performance of the two-stage model-
based design was retrospectively evaluated using clinical data of the phase I program of the 
investigational anticancer drug indisulam.  
  

Methods 

The design of the simulation study is shown in Figure 1. Steps 1 to 5 are explained into 
detail below. 
 
Simulation of pharmacokinetic and pharmacodynamic data (step 1) 
Pharmacokinetic (PK) and pharmacodynamic (PD) data were simulated for 9 compounds 
with various pharmacokinetic profiles (Figure 2). A three-compartment model was used 
with or without saturable elimination and with or without auto-induction (Figure 3). Drug 
elimination was described by the Michaelis Menten parameters Vmax (maximal elimination 
rate) and Km (concentration related to half-maximal elimination). Km was relatively low 
(1_mg/L) or relatively high (100 mg/L) representing saturable and linear drug elimination, 
respectively. Auto-induction was described by an enzyme turnover model. Drug 
concentrations in the central compartment were related to an increased input rate into the 
enzyme compartment, resulting in an increased concentration of a hypothetical amount of  
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Simulation of 5 phase I studies 
applying different administration 
schedules for 9 different compounds

Development of PK-PD models
for data from each phase I study (n=45)

Prediction of safe starting dose for other 
phase I studies based on PK-PD models 
from step 2

Simulation of clinical trials
at conventional starting dose level and
at starting dose level predicted in step 3

Post-hoc determination of 
recommended doses for all 9 
compounds and all regimens using 
combined data from step 1

1

2

3

4

5

DESIGN OF SIMULATION STUDY OUTCOME VARIABLES

Performance of model-based design 
versus conventional design regarding 
1. number of patients treated with sub-

therapeutic doses and 
2. frequency of dose limiting toxicity

Performance of model-based design 
versus conventional design regarding  
3. selection of recommended doses 

 
 
Figure 1. Flow-chart showing the design of this study and the corresponding outcome parameters. 
 
enzyme and a proportional increase of the drug elimination rate. Drug elimination was 
maximally induced by 100% (Imax), the effective concentration related to half-maximal 
induction (ECI50) was 1 mg/L and the mean turnover time of the enzyme (MTTenzyme) was 
24_h. The distribution volumes of the peripheral compartments were relatively small (1 L) 
or relatively large (10 L) to vary the magnitude of drug distribution. Inter-individual and 
residual random effects were moderate or large (Table 1). The differential equations of the 
pharmacokinetic models are given below. 
 
           dC1                             C1                        
V1 ∙                = – Vmax ∙                  ∙A4  - Q2 ∙ C1 + Q2 ∙ C2 - Q3 ∙ C1 + Q3 ∙ C3             (Eq.1)        
            dt                         C1 + Km              
 
           dC2    
V2  ∙                 = Q2 ∙ C1 - Q2 ∙ C2                 (Eq.2) 
            dt 
 
           dC3    
V3 ∙                  = Q3 ∙ C1 - Q3 ∙ C3                 (Eq.3) 
            dt    
 
   dA4                                            C1 
                 = kenz in ∙   1 + Imax ∙                     - kenz out ∙ A4               (Eq.4) 
   dt                   C1 + ECI50  
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Figure 2. Typical pharmacokinetic profiles after treatment with a 1-hour infusion of the highest (non-tolerated) dose of 
all virtual compounds. A: compound 1; B: compounds 2,3,4,5; C: compound 6, D: compound 7; E: compound 8; F: 
compound 9. 
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Table 1. Pharmacokinetic and pharmacodynamic parameters of the 9 virtual compounds. 
compound  1 2 3 4 5 6 7 8 9 
           
summary of PK-PD characteristics         
compartments a  1 2 2 2 2 2 2 3 3 
saturable elimination b - - - - -  - - - 
auto-induction  - - - - - -  -  

IIV PK  mode-
rate 

mode-
rate large mode-

rate 
mode-

rate 
mode-

rate 
mode-

rate 
mode-

rate large 

IIV PD  mode-
rate 

mode-
rate 

mode-
rate large mode-

rate 
mode-

rate 
mode-

rate 
mode-

rate large 

residual error PK  mode-
rate 

mode-
rate 

mode-
rate 

mode-
rate large mode-

rate 
mode-

rate 
mode-

rate 
mode-

rate 
           
PK parameters           
V1 c (L) 10 10 10 10 10 10 10 10 10 
Vmax c (mg/h) 100 100 100 100 100 10 100 100 100 
Km (mg/L) 100 100 100 100 100 1 100 100 100 
V2 c (L) 1 10 10 10 10 10 10 10 10 
Q2 (L/h) 5 5 5 5 5 5 5 5 5 
V3 c (L) 1 1 1 1 1 1 1 10 10 
Q3 (L/h) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Imax (%) 0 0 0 0 0 0 1 0 1 
ECI50 (mg/L) 1 1 1 1 1 1 1 1 1 
MTTenz (h) 24 24 24 24 24 24 24 24 24 
IIV V1;V2;V3 d (%) 40 40 80 40 40 40 40 40 80 
IIV Vmax d (%) 30 30 60 30 30 30 30 30 60 
IIV Q2;Q3 d (%) 30 30 60 30 30 30 30 30 60 
IIV MTTenz d (%) 25 25 50 25 25 25 25 25 50 
residual error PKe (%) 20 20 20 20 40 20 20 20 20 
           
PD parameters           
slope (mg/L) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 
MTT (h) 120 120 120 120 120 120 120 120 120 
base    ( 109/L) 5.3 5.3 5.3 5.3 5.3 5.3 5.3 5.3 5.3 
γ  0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 
IIV slope d (%) 45 45 45 90 45 45 45 45 90 
IIV MTT d (%) 25 25 25 25 25 25 25 25 25 
IIV base d (%) 35 35 35 35 35 35 35 35 35 
residual error PDe (%) 45 45 45 45 45 45 45 45 45 

a All data were simulated from three compartment models, but the contribution of one or both peripheral 
compartments was small for compounds 1-7. 
b  All data were simulated from a model with Michaelis Menten elimination, but saturation was only evident if Km was  
relatively low (1 mg/L). 
c  Allometric scaling was applied to Vmax ( (WT/70)0.75) and to the volumes of distribution V1,V2,V3 ( (WT/70)1). 
d  IIV = inter-individual variability; geometric standard deviations are listed. 
e  Residual errors were additive on a logarithmic scale; geometric standard deviations are listed. 

   
The dose-limiting toxicity of all virtual compounds was neutropenia. The time course of 
drug-related neutropenia was described by a semi-physiological population pharmaco-
dynamic model that was developed by Friberg et al. (Figure 3).[10] This model comprised a 
progenitor compartment of proliferating blood cells, three transit compartments 
representing the maturation chain in the bone marrow and a compartment corresponding to 



 
 
 
 
 
Chapter 7.1 

246 
 
 
 
 

the central circulation. The model comprised two system related parameters: the mean 
transit time (MTT) and a feedback parameter γ. The MTT was the average time between 
neutrophil proliferation and completion of maturation and was related to the first order 
transition rate constant ktr (=4/MTT).  The feedback parameter γ represented the induction of 
stem cell proliferation by endogenous growth factors and/or cytokines.[11] The baseline 
blood cell count was estimated from the observed baseline value and a residual error. The 
proliferation rate was reduced by drug exposure in the central pharmacokinetic 
compartment according to a linear function (Equation 5). 
 
kprol = ktr ∙ (1 - slope ∙ C1)                  (Eq.5)  
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Figure 3. Structural pharmacokinetic model of the 9 virtual compounds and the semi-physiological model describing 
the time profile of absolute neutrophil counts (ANC) after treatment with myelosuppressive chemotherapy. 
 
Using the PK-PD parameters from Table 1, data for dose escalation studies were simulated. 
The design of the simulated dose escalation studies was in accordance with the design of 
classical phase I studies.[12] Patients were treated in silico in three-patient cohorts, that were 
extended to six-patient cohorts if significant (≥ CTC grade 2) toxicity was observed. 
Neutrophil counts were simulated with alternating 3 and 4 day intervals (twice weekly). A 
modified Fibonacci-like dose escalation strategy was used.[1] The dose was escalated by 
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100% if no or minimal (CTC grade 0 or 1) neutropenia was observed. If one or more patients 
had CTC grade 2 toxicity, the dose was escalated by 50% increments and if serious (CTC 
grade 3 or 4) neutropenia was observed, the dose was escalated by 25%. Dose-limiting 
neutropenia was defined as CTC grade 4 neutropenia (absolute neutrophil count ≤0.5 ∙109/L) 
during at least two subsequent hematological measurements (~1 week). If  2 or more 
patients in a six-patient cohort experienced dose-limiting neutropenia, this dose level was 
defined as the non-tolerated dose (NTD). The recommended dose for future studies was the 
dose level immediately below the NTD.  
 
Dose escalation studies were simulated for 5 administration regimens:  
1) a single 1-hour infusion (Dx1) every 3 weeks;  
2) daily 1-hour infusions on days 1-5 (Dx5) every 3 weeks;  
3) weekly 1-hour infusions on days 1, 8, 15 and 22 (Wx4) every 6 weeks;  
4) a 120-hour infusion (120H) every 3 weeks;  
5) a continuous infusion during 3 weeks (CI). 
 
Regimens 1-4 were evaluated in the phase I program of indisulam, that was used in this 
study as a real dataset for a retrospective evaluation of the two-stage model-based 
design.[13] These regimens comprised short and long infusions, single and multiple drug 
administrations and were therefore selected for the current study. Schedule 5, the 
continuous infusion, was added to cover the full range of short exposure to continuous 
exposure regimens.  
Pharmacokinetic data were simulated according to rich sampling designs as commonly used 
in phase I trials. PK samples were taken during infusion at fixed time points. Additional PK 
samples were taken after infusion and were logarithmically spaced between the end of 
infusion and the last sampling point. The last sampling point corresponded to 5 times the 
mean residence time (MRT) after the end of infusion. To mimic the fact that limited 
knowledge may be available at the start of first in human studies, the true MRT was 
perturbed by a geometric standard deviation of 1.70 to account for prediction uncertainty. 
This standard deviation was derived from previous publications [14,15] The limit of 
quantitation (LOQ) was 50 ng/ml for all compounds. Data below the LOQ were excluded 
from data analysis. 
Dose escalation studies with a modified Fibonacci-like escalation scheme (see above) were 
performed in silico for 5 administration regimens for each of the 9 compounds. In total, 45 
phase I studies were simulated using NONMEM (version VI) (GloboMax, Hanover, MD 
USA). Parameters with inter-individual variability were log-normally distributed. Data were 
logarithmically transformed and residual errors were additive on a logarithmic scale. 
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PK-PD model development (step 2) 
Pharmacokinetic and pharmacodynamic models were developed for each of the 45 
simulated data sets. The investigator was blinded to the ‘true’ PK-PD models that were 
defined by the parameters in Table 1.  
Pharmacokinetic and pharmacodynamic data were analyzed sequentially. For PK-PD 
analysis, a data set was used that contained all dosing information and all pharmacokinetic 
and pharmacodynamic measurements. Pharmacokinetic parameters were fixed to the 
estimates of the pharmacokinetic analysis. This method has been described into more detail 
by Zhang et al.[16]  
The estimation of the system parameters MTT and γ and the interindividual variability of 
MTT was supported by prior knowledge of the values of these parameters. The Bayesian 
priors were the geometric means of the estimates that were reported for various other 
anticancer agents by Friberg et al. (MTT=116 h, γ=0.167, IIV MTT=22.4%). Prior uncertainty 
corresponded to the geometric standard deviation of these estimates (MTT 18%, γ 59%, IIV 
MTT 20%).[9]  
All parameters (P) were assumed to be log-normally distributed in the study population. 
Consequently, interindividual variability was estimated using an additive function on a 
logarithmic scale (ln(Pi ) = ln(TVP) + ηi) to describe the individual deviation (ηi) from the 
population typical value (TVP). Differences between observed and individual predicted 
values were modeled as additive residual errors on a logarithmic scale. Data were analyzed 
with the First-Order Conditional (FOCE) method using NONMEM (version VI) (GloboMax, 
Hanover, MD, USA). Discrimination between hierarchical models was based on the 
objective function value (OFV), goodness of fit plots and standard errors of parameter 
estimates. 
Standard errors and measures of correlation between parameter estimates were obtained 
using the COVARIANCE option of NONMEM.  
 
Prediction of safe starting dose (step 3) 
The PK-PD models, that were developed in step 2 using data from a single in silico phase I 
study (simulated in step 1), were used to predict the outcome of subsequent dose escalation 
studies. For instance, the model that described the PK-PD data of compound 1 after a single 
1-hour infusion, was used to predict the recommended doses for the other 4 administration 
regimens for compound 1. Trial simulations were carried out to make these predictions. For 
each prediction, a dose escalation trial was simulated in 40,000-fold to account for 
uncertainty in the PK-PD parameter estimates and for variability between patients. A total 
number of 200 sets of PK-PD parameters from the final parameter estimates, their geometric 
standard errors and the correlation matrix were selected. For each set of PK-PD parameters, 
200 trials were simulated with different random selections of patients.  
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One tenth of the predicted non-tolerated dose is conventionally considered a safe starting 
dose for dose escalation studies. Therefore, in order to determine the starting dose of a dose 
escalation trial, the non-tolerated dose of the previous trial was multiplied by 10% and 
perturbed using a geometric standard deviation of 1.54. The perturbation accounted for 
uncertainty in the predicted tolerability of anticancer agents prior to first in man studies. 
The geometric standard deviation was calculated from predicted and empirically 
determined non-tolerated doses of 21 anticancer drugs.[17-20] Patients were treated in three- 
or six-patient cohort and the modified Fibonacci-like dose escalation strategy was used (see 
above for details). 
The median value of each set of 40,000 recommended doses was the predicted 
recommended dose. The 5 and 95 percentiles formed the 90% confidence intervals of the 
prediction. The lower boundary was considered the safe starting dose for an in vivo clinical 
dose escalation study. 
 
Evaluation of the two-stage model-based design using simulated data (step 4) 
Using the true PK-PD parameters (Table 1) and starting doses that were considered safe for 
clinical dose escalation studies, 1,000 replicate trials were simulated (two-stage model-based 
design). In addition, 1,000 replicate trials were simulated with starting doses perturbed 
around 10% of the recommended dose (conventional method). 
The number of patients with dose-limiting neutropenia was assessed for both methods as a 
measure of safety of the two-stage model-based design. The median number of patients 
treated with a dose below the recommended dose was compared between the new and the 
conventional methods, for each virtual compound and for each administration regimen, as a 
measure of efficiency of the two-stage model-based design. The two-stage model-based 
design was considered successful if it did not result in an increased number of patients with 
dose-limiting neutropenia and if the number of patients treated with a dose below the 
recommended dose was reduced. 
 
Post-hoc determination of recommended dose (step 5) 
Based on the phase I program of a novel anticancer agent, a recommended dose must be 
defined for further testing in phase II clinical studies. In a conventional study design, the 
selection of the recommended dose is empirically based on clinical outcome and is defined 
as the highest dose level with <2 out of 6 patients with dose-limiting toxicity. In the two-
stage model-based design, the recommended dose for phase II studies is based on a PK-PD 
analysis using all PK-PD data from phase I. This PK-PD analysis should be performed after 
finalization of the clinical phase I program and is therefore termed a post-hoc analysis. 
To evaluate this part of the two-stage model-based design, the PK-PD models of each 
compound were updated using the data from all 5 phase I studies that were simulated in 
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step 1 (Figure 1). The updated models were used for the simulation of 40,000 dose escalation 
studies for each administration regimen. Parameter uncertainty and variability between 
patients were taken into account. The median value of the 40,000 simulated recommended 
doses was proposed for further testing in phase II studies. This method was used to select a 
recommended dose for all compounds (n=9) and for all administration regimens (n=5). The 
45 selected recommended doses (Drec pred) were used to determine the precision of this 
strategy. The root mean squared relative prediction error (RMSE%) was calculated as a 
measure of precision (Equation 6). The true recommended dose (Drec true) was defined as the 
median value of 1,000 simulated recommended doses using the true PK-PD model, 
conventional starting doses (i.e. the recommended do of the previous trial multiplied by 
10% and perturbed using a geometric standard deviation of 1.54) and the modified 
Fibonacci-like dose escalation strategy.  
 
                                        (Drec pred – Drec true)   2 
RMSE%  =                                                         ∙ n-1               (Eq.6) 
                                               (Drec true) 
 
 The precision of the two-stage model-based design was compared to the precision of the 
conventional design, where the recommended dose was based on the clinical outcome of a 
dose escalation study. The RMSE% of the conventional design was calculated for the 1,000 
simulated recommended doses from the true PK-PD model (Drec pred) and their median value 
(Drec true). 
The precision of the selection of the recommended dose for phase II evaluation was also 
assessed for the PK-PD models that were developed using data from a single phase I study.   
 
Evaluation of the two-stage model-based design using clinical data of indisulam 
The previously conducted phase I program of the investigational anticancer agent consisted 
of 4 dose escalation studies of 4 administration regimens: Dx1, Dx5, Wx4, 120H.[21-24] 
Neutropenia was identified as the dose-limiting toxicity.[21-24] It was verified 
retrospectively if the number of patients treated with a dose below the recommended dose 
could have been reduced by the proposed two-stage model-based design. For each of the 
phase I studies, a PK-PD model was developed using indisulam plasma concentrations and 
absolute neutrophil counts that were measured during the first treatment cycle. The models 
were used to simulate 40,000 dose escalation studies for the alternative administration 
regimens, taking into account parameter uncertainty (x200) and variability between patients 
(x200). The median values were selected as the predicted recommended doses and the 5 
percentiles were considered safe starting doses for the other 3 administration regimens. The 
selected starting doses were compared to the clinically determined recommended and non-
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tolerated doses. The number of patients treated at dose levels below the clinically 
determined recommended doses was assessed. In this retrospective evaluation, the two-
stage model-based design was considered successful if all selected starting doses were 
below the highest administered dose levels and if the number of patients treated with at a 
dose levelbelow the recommended dose was reduced by at least 10%. 
  

Results 

Simulation of pharmacokinetic and pharmacodynamic data (step 1) 
In total, 45 phase I dose escalation studies were simulated. These studies each comprised 5-
12 dose levels and 18-55 patients, and were considered representative for clinical phase I 
studies in oncology. In each study, 2-7 patients experienced dose-limiting toxicity. 
 
PK-PD model development (step 2) 
For each simulated study, a pharmacokinetic model was successfully developed. One-, two- 
and three compartment models were selected with or without saturable elimination. Table 2 
shows the structural PK models that were selected for all simulated data sets. Saturable 
elimination was correctly identified, irrespective of the administration schedule. Auto-
induction could not be demonstrated for any of the simulated data sets (see discussion). For 
compounds 8 and 9, three-compartment models were selected for the 1-hour infusion 
schedules, but identification of the third compartment was less successful for the 120-hour 
and continuous infusions. (Table 2)  The true PK model of compound 1 consisted of a single 
relevant compartment (Table 1), but the minor second compartment could be identified 
based on data from the Wx4 schedule.(V2=1.58 L and Q2=0.87 L/h) Using data from the 120H 
schedule, a second compartment could also be identified for compound 1, but the 
intercompartmental clearance was large and the model proved to be equivalent to a 1-
compartmental model. (V1=6.8 L,V2=5.3 L and Q2=19.9 L/h). 
 
 
Table 2. The structural pharmacokinetic models that were selected for each phase I study ( ). The compound numbers 
correspond to the numbers in Table 1. The black margins correspond to the ‘true’ models that were used for data 
simulation. 
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Prediction of safe starting dose (step 3) 
This part of the study was most computer-time intensive with the simulation of 40,000 
clinical trials for each scenario. In Figure 4a, the distribution of the simulated recommended 
dose for the Dx1 regimen of compound 2 (n=40,000) is shown for the PK-PD model that was 
developed based on data from a Wx4 phase I dose escalation study. The variability of this 
distribution is explained by variability between patients and by uncertainty of the PK-PD 
parameter estimates. Figure 4b shows the simulated recommended doses for 1 set of PK-PD 
parameter estimates (n=200). The variability in Figure 4b is explained by variability between 
patients. The large variability in Figure 4b indicates that the uncertainty of PK-PD parameter 
estimates had a minor contribution to the overall variability of the simulated recommended 
doses. The 5-percentiles were considered safe starting doses for stage 2 of the model-based 
design (step 4, Figure 1). Regarding the scenario depicted in Figure 4, 158 mg was selected 
as the starting dose for the Dx1 regimen of compound 2. This was 49% of the median 
recommended dose 320 mg. For all scenarios, the proposed starting doses were between 
33% and 56% of the median recommended doses.  
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Figure 4. Simulated recommended doses of a 1-hour infusion of compound 2, based on a PK-PD model that was 
developed using PK-PD data from a Wx4 dose escalation study. A: the frequency distribution of all 40,000 simulated 
doses (variability comprises variability between patients and uncertainty of PK-PD parameter estimates). B: the 
frequency distribution of 200 simulated doses for a single set of PK-PD parameter estimates (variability comprises 
variability between patients). 
 
The median values and the 5-percentiles of the simulated recommended doses are plotted in 
Figure 5 for all scenarios. The doses in Figure 5 are normalized to the true recommended 
dose, which was defined as the median value of 1,000 simulated recommended doses using 
the true PK-PD model. All starting doses that were proposed for stage 2 of the model-based 
design were below the true recommended dose. 

A B



 
 
 
 
 

Two-stage model-based trial design 
 

253 
 
 
 
 

A

single 1-hour infusion

0%

50%

100%

150%

200%

%
 fr

om
 tr

ue
 re

co
m

m
en

de
d 

do
se_

simulated 
study 
step 1

predicted recommended dose 
using data from study

Dx1    Dx5     Wx4    120H      CI

proposed starting dose 
using data from study

Dx1    Dx5     Wx4    120H     CI

simulated 
study 
step 1  

 

B

5x daily 1-hour infusion

0%

50%

100%

150%

200%

%
 fr

om
 tr

ue
 re

co
m

m
en

de
d 

do
se_

simulated 
study 
step 1

predicted recommended dose 
using data from study

Dx1    Dx5     Wx4    120H      CI

proposed starting dose 
using data from study

Dx1    Dx5     Wx4    120H     CI

simulated 
study 
step 1  

 

C

4x weekly 1-hour infusion

0%

50%

100%

150%

200%

%
 fr

om
 tr

ue
 re

co
m

m
en

de
d 

do
se_

simulated 
study 
step 1

predicted recommended dose 
using data from study

Dx1     Dx5     Wx4    120H      CI

proposed starting dose 
using data from study

Dx1     Dx5     Wx4    120H     CI

simulated 
study 
step 1  

 



 
 
 
 
 
Chapter 7.1 

254 
 
 
 
 

D

120-hour infusion

0%

50%

100%

150%

200%

%
 fr

om
 tr

ue
 re

co
m

m
en

de
d 

do
se_

simulated 
study 
step 1

predicted recommended dose 
using data from study

Dx1     Dx5     Wx4    120H      CI

proposed starting dose 
using data from study

Dx1     Dx5     Wx4    120H     CI

simulated 
study 
step 1  

 

E

continuous infusion

0%

50%

100%

150%

200%

%
 fr

om
 tr

ue
 re

co
m

m
en

de
d 

do
se

_

simulated 
study 
step 1

predicted recommended dose 
using data from study

Dx1     Dx5     Wx4    120H      CI

proposed starting dose 
using data from study

Dx1     Dx5     Wx4    120H     CI

simulated 
study 
step 1  

 
Figure 5. The predicted recommended dose (median of 40,000 replicate values) and proposed starting dose (5-
percentile of 40,000 replicate values) based on PK-PD models that were developed using data from a single phase I 
study, relative to the true recommended dose. Predicted recommended doses and starting doses are plotted for all 
compounds (1:  ; 2: ; 3: ; 4: ; 5: - ; 6: ― ; 7: ; 8: ; 9: ) and for all regimens (A: Dx1; B:Dx5; C:Wx4; D:120H; 
E:CI).  
 
Evaluation of the two-stage model-based design using simulated data (step 4) 
Figure 6 shows the number of dose-limiting toxicities for the conventional design and for 
the various scenarios of the two-stage model-based design (median and 10-90 percentile 
range). When the model-based starting doses were used in clinical trial simulations, the 
mean number of dose-limiting toxicities per dose escalation study ranged from 2.9 to 3.6 for 
the various scenarios. For the conventional design, the mean number of dose-limiting 
toxicities per study was between 3.0 and 3.6. The number of DLTs was relatively small for 
compound 6 with saturable elimination. This may reflect the more than proportional 
increase in drug exposure when the dose is escalated to the next dose level, which may 
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result in a sharp increase in incidence of DLT at the first dose level above the recommended 
dose. 
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Figure 6. Median and 10-90 percentiles ranges of the number of patients with dose-limiting toxicity for the 
conventional design ( ) and for stage 2 of the model-based design (stage 1: Dx1 ; Dx5▲; Wx4 ; 120H ; CI ) for 
all regimens and for all compounds. 
 
The number of patients who were treated at a dose level below the recommended dose, was 
on average 20.5 when a dose escalation study was started at a conventional starting dose 
level. The two-stage model-based design resulted in a reduction of this number to 13.0 
patients. Figure 7 is a graphical representation of the number of patients treated at a dose 
level below the recommended dose (median and inter-quartile range). For all scenarios, this 
number was higher for the conventional study design (first plot of each sextet in Figure 7) as 
compared to the two-stage model-based design. 
For a complete phase I program, comprising of one conventional study at stage 1 followed 
by four studies with a model-based starting dose at stage 2, the reduction of the number of 
patients treated at a dose below the recommended dose was on average 27.2%. This was 
consistent for the various scenarios that were evaluated (range 12.2%-39.8%). The power of 
the two-stage model-based design to include fewer patients at dose levels below the 
recommended dose was 88.6%.  
The starting dose was not tolerated in 1.3% of the simulated conventional dose escalation 
studies. When the starting dose in stage 2 was based on data from stage 1, the initial dose 
level was not tolerated in only 0.3% of the simulated trials. 
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Figure 7. Median and interquartile ranges of the number of patients treated with a dose below the recommended dose 
for the conventional design ( ) and for stage 2 of the model-based design (stage 1: Dx1 ; Dx5 ; Wx4 ; 120H ; CI 

) for all regimens and for all compounds. 
 
Post-hoc determination of recommended dose (step 5) 
The PK-PD models were successfully updated using PK-PD data from all 5 dose escalation 
studies. More complex structural PK models could be selected for compounds 1, 3, 5 and 7 
(Table 3). Figure 8 shows the recommended doses that were proposed for phase II 
evaluation, based on 40,000 simulated trials, relative to the ‘true’ recommended doses that 
were determined using the true PK-PD models. The precision of the selection of the 
recommended dose for phase II studies, expressed as the RMSE, was 8.3% for the post-hoc 
model-based dose selection. Conversely, the precision was only 30% for the conventional 
study design (10-90 percentile ranges are indicated in Figure 8). If the recommended doses 
were determined by the post-hoc model-based method, using the PK-PD models that were 
based on data from a single phase I, the precision was 12% (Figure 8). 
 
Table 3. The structural pharmacokinetic models that were selected for the combined data of all studies ( ). The 
compound numbers correspond to the numbers in Table 1. The black margins correspond to the ‘true’ models that 
were used for data simulation. 
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Figure 8. Visual representation of the precision of the selection of the recommended dose for the conventional method 
(10-90 percentile range of simulated empirically determined recommended doses, RMSE 30.0%) and for the two-stage 
model-based design ( ,RMSE 8.3%). The recommended doses that were predicted using data from a single phase I 
study, are also indicated ( , RMSE 11.9%). 
 
 
 
Evaluation of the two-stage model-based design using clinical data of indisulam 
Pharmacokinetic data of indisulam (n=3327) were available from 4 phase I studies and from 
143 patients.[21-24] The pharmacokinetic data for each phase I study were best described by 
3-compartment models with saturable elimination and saturable distribution. This model 
was described in detail in a previous publication from our group.[13] A model with a linear 
and a saturable elimination pathway adequately described the pharmacokinetic data from 
the Dx5, the Wx4 and the 120H dose escalation studies. Conversely, the data from the Dx1 
study did not contain sufficient information to identify the linear elimination pathway. 
Therefore, a reduced model without a linear elimination pathway was used to describe the 
data from the Dx1 study. Measurements of the absolute neutrophil count (n=1114) were 
available from 145 patients and could be adequately described by the semi-physiological 
model of neutropenia (Figure 3). [25] The mean transit time of neutrophils (MTT, Figure 3) 
was estimated at 191 h for the Wx4 regimen. For the other regimens, this parameter estimate 
was closer to the Bayesian prior (Dx1: 147 h; Dx5: 137 h; 120H: 134 h).  
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Figure 9. The course of the dose escalation studies of indisulam. For each administration regimen (A: Dx1; B: Dx5; C: 
Wx4 and D: 120H), the recommended dose (clinically determined during the phase I program            ; post-hoc 
estimate from final PK-PD model                 ) and the proposed starting doses (                  ) are indicated. 
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In Figure 9, the course of the dose escalation studies of indisulam is depicted for all 
administration regimens. The recommended doses that were determined in the clinical in 
vivo studies are indicated by a black dashed line.[21-24] The starting doses that were 
selected retrospectively by trial simulation using the 4 developed PK-PD models, were all 
below the highest administered dose and were all above the conventional starting dose. 
The recommended doses that were predicted using the final PK-PD model, based on data 
from all 4 phase I studies, are indicated by ‘post-hoc’ in Figure 9. The clinically determined 
recommended doses were lower than these post-hoc predictions for the Dx5 and 120H 
infusion schedules and were higher for the Dx1 and Wx4 predictions. For indisulam, the 
‘true’ PK-PD characteristics and the ‘true’ recommended dose are unknown. Therefore, it 
was not possible to determine the precision of the selection of the recommended dose for the 
conventional and the two-stage model-based design. Importantly, all retrospectively 
selected starting doses would have been safe for stage 2 of the model-based design. 
For the complete phase I program consisting of 4 studies, the number of patients treated at a 
dose level below the recommended dose was 65 for the conventional design (17 (Dx1) + 18 
(Dx5) + 18 (Wx4) + 12 (120H); Figure 9). For the Dx1 schedule, inclusion of the first 7 patients 
would have been redundant if the starting dose would have been based on data from the 
Dx5 study. In addition, the two-stage model-based design would also have resulted in a 
reduction of 6 patients for the Wx4 schedule and 9 patients for the 120H schedule, if the Dx5 
study was performed at stage 1. In total, 22 patients (34% of all patients treated at a dose 
level below the recommended dose) could have been treated at a higher dose level if the 
two-stage model-based design would have been applied to the phase I program of 
indisulam, starting with the Dx5 schedule. If one of the other schedules would have been 
selected for stage 1, the model-based design would have resulted in a reduction of the 
number of patients treated at a dose level below the recommended dose of 33 (51%), 28 
(43%) or 14 (22%) for the Dx1, Wx4 and 120H schedules, respectively. 
 

Discussion 

A two-stage model-based design for optimization of the phase I program of novel anticancer 
agents was proposed. This simulation study demonstrated that the proposed two-stage 
model-based design did not result in an increased frequency of dose-limiting toxicities. 
Furthermore, the two-stage model-based design resulted in a reduction of the number of 
patients treated at a dose level below the recommended dose. The precision of the selection 
of the recommended dose for future phase II evaluation was improved by a post-hoc model-
based analysis.  
The model-based design consists of two stages: an initial phase I study conducted in a 
conventional manner (stage 1) and subsequent phase I studies for alternative administration 
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schedules, at starting doses that are based on advanced PK-PD analysis. The starting doses 
for stage 2 of the phase I program are determined by the 5-percentiles of the simulated 
recommended doses. This strategy was considered safe, because the likelihood that the 
starting dose would be below the recommended dose, was close to 95%, provided that the 
correct structural PK-PD model was selected. In this study, we accounted for structural bias 
of the PK model, because various structural PK models were evaluated during model 
development. Structural model bias was not taken into account for the semi-physiological 
model of neutropenia. This was justified by previous validation of the semi-physiological 
model of neutropenia for a range of anticancer drugs with various mechanisms of 
action.[9,26-29]  
In this study, the two-stage model-based design was evaluated for anticancer agents with 
dose-limiting neutropenia. The two-stage model-based design may also be applicable to 
drugs with other dose-limiting toxicities, provided that a PK-PD relationship can be 
identified and quantitated. An important condition is, however, that the pharmacodynamic 
model should permit extrapolation of the concentration-effect relationship to higher or 
lower levels of drug exposure and to shorter or longer duration of drug exposure. 
Preferably, the pharmacodynamic model should show consistency between drugs and 
should be previously validated for similar compounds. Hematological toxicity has been well 
characterized in PK-PD models for multiple anticancer agents as opposed to other types of 
toxicity, such as neurotoxicity, hand-foot syndrome and diarrhea, and may therefore be the 
most suitable adverse event for a successful application of the two-stage model-based 
design.   
Our aim was to optimize the efficiency and the efficacy of phase I dose escalation studies, 
without interfering in the conduct of the clinical trials. The dose escalation studies are 
carried out in a conventional manner, but the starting dose can be relatively higher as a 
result of optimal usage of all available clinical PK and PD data by the application of 
advanced PK-PD modeling. Contrary to continual reassessment methods (CRM), this two-
stage model-based design does not require data analysis during a dose escalation study. 
Consequently, it is expected that this two-stage model-based design will not involve 
operational or logistical difficulties.  
Development of a PK-PD model using all phase I data, followed by post-hoc determination 
of a recommended dose for further evaluation in phase II clinical development was 
proposed to maximize the precision of the determination of the recommended dose for 
future studies. This study demonstrated that the precision was largely improved by the 
model-based analysis: the RMSE was 8.3% for the two-stage model-based design versus 30% 
for a conventional study design. The high imprecision of the conventional study design was 
also an important finding of this analysis. Due to wide inter-patient variability and the 
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limited number of patients that is included in a phase I study, the outcome of a clinical dose 
escalation study is subject to large random variability.  
A secondary goal of phase I clinical development is the assessment of the pharmacokinetics 
of a novel compound. When the two-stage model-based design is used, the number of 
patients treated at low dose levels is reduced. Depending on the schedule and the 
pharmacokinetic properties of a compound, this may compromise the characterization of 
the pharmacokinetics.  
In this simulation study, auto-induction could not be demonstrated in the interim PK 
models (step 2) that were based on data from a single phase I study. Although the effect size 
was large (up to 100% increase of the elimination rate) in comparison to reported values for 
anticancer agents (e.g. 36% increase of the elimination rate of cyclophosphamide [30]), the 
effect of auto-induction was not obvious in the pharmacokinetic profiles (Figure 2D and 2F). 
In addition, the value of mean turnover time of the inducable enzyme was realistic (24 h 
versus 12 h for ifosfamide [31] and 45 h for cyclophosphamide [30]). It can therefore be 
concluded that the poor identification of auto-induction was not related to the PK 
parameters that were selected for the compounds in this study. 
To confirm the recommended dose that is selected in a phase I trial, an enrichment phase 
may be added to the conventional study design, where additional patients are included at 
the recommended dose. The impact of an enrichment phase was not evaluated in this 
analysis. In addition, the conduct of a dose escalation study may be influenced by a steering 
team of investigators to select the dose escalation steps. The input of professionals is 
undoubtedly more subtle than the modified Fibonacci-like dose escalation strategy that was 
used in this simulation study. For these two reasons, the precision of the selection of a 
recommended dose for phase II studies may be underestimated in this analysis. 
The results of the simulation studies were confirmed by retrospective evaluation using real 
clinical data. Indisulam was used as a model compound. This drug has a highly non-linear 
pharmacokinetic profile and indisulam-induced neutropenia showed wide inter-patient 
variability. For these PK-PD characteristics, indisulam was considered a suitable compound 
to challenge the proposed model-based. The two-stage model-based design resulted in the 
selection of starting doses for stage 2 of the phase I program that were all below the highest 
administered dose level and was therefore considered safe. The efficiency of the phase I 
studies could have been increased by application of the two-stage model-based design and 
the phase I program could have been conducted with 14 to 33 patients less. This might have 
resulted in a reduction of cost and time for the phase I development of indisulam. 
This simulation study demonstrated that the proposed two-stage model-based design is safe 
for anticancer agents with dose-limiting myelosuppression. The two-stage model-based 
design enhanced the efficiency of dose escalation studies by an average 27% reduction of the 
number of patients included at a dose level below the recommended dose. The power of the 
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proposed two-stage model-based design to reduce the number of patients treated with a 
dose below the recommended dose was 89%. The model-based design was also effective in 
the precise selection of the recommended dose for phase II evaluation. The good 
performance of the model-based design seemed to be irrespective of the administration 
schedule that was selected for the dose escalation study at stage 1. The proposed two-stage 
model-based design may enhance the early clinical development of investigational 
anticancer drugs. 
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Conclusions and Perspectives 

 

Model-based drug development  

In clinical development, extensive studies are performed to demonstrate safety and 
effectiveness of an investigational compound. Model-based approaches may be useful to 
make optimal use of non-clinical and clinical data and to guide decision-making. Sheiner 
advocated modeling as a useful tool to learn from available data and to establish 
hypotheses, which may be confirmed in prospective clinical studies.[1] This concept of 
model-based ‘learning and confirming’ has also been adopted by the United States Food and 
Drug Administration (FDA). In their Critical Path initiative, systematic application of the 
model-based approach was promoted to improve the efficiency of drug development.[2] 
Modeling an simulation can be a useful tool 1) to integrate all available data, 2) to unravel 
the clinical pharmacology of a new drug by identification and quantification of complex 
processes and relationships between dose, pharmacokinetics and drug effect and 3) to 
predict the outcome of clinical trials by simulation studies. This may guide the selection of 
optimal treatment regimens for prospective clinical evaluation and may thereby enhance the 
efficiency of drug development.  
 
Population PK-PD modeling in clinical oncology  

Efficient and rational drug development in oncology can be promoted by full understanding 
of the clinical pharmacology of novel anticancer agents. Identification and quantification of 
pharmacokinetic and pharmacodynamic processes can be facilitated by population 
modeling, which was exemplified in this thesis by the development of a PK-PD model of 
indisulam. Saturable binding and elimination processes, which could explain the 
remarkably non-linear pharmacokinetic profile of indisulam, were identified by the 
development of a population pharmacokinetic model (Chapter 2.2). This model was 
complex and could not have been developed with standard two-stage methods. 
Physiological knowledge (blood composition and extra-vascular fluid distribution) was 
integrated with in vitro data (binding to plasma proteins and erythrocytes) and with in vivo 
data (clinical pharmacokinetics), which resulted in a semi-physiological pharmacokinetic 
model (Chapter 2).  
In this example, information of non-clinical and clinical studies was integrated.  This 
illustrates that population modeling can be applied in translational development. For 
indisulam, the saturable binding to plasma proteins and erythrocytes was identified in vitro. 
Consequently, preclinical data could predict the non-linear distribution of indisulam. In 
another preclinical experiment, indisulam metabolism, which is mediated by the 
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cytochrome P450 system, was demonstrated to be saturable in the therapeutic concentration 
range. This suggested non-linear elimination of indisulam in vivo. Integration of preclinical 
data and first-in-human data, could have resulted in early identification of the saturable 
pharmacokinetic processes that explained the non-linear pharmacokinetic profile of 
indisulam.  
Myelosuppression was the dose-limiting toxicity of indisulam. The relationship between the 
pharmacokinetics of indisulam and its hematological toxicity has been defined in a semi-
physiological PK-PD model. Pharmacokinetic profiles and time profiles of blood cell counts 
(continuous data) could be simultaneously described in a kinetic model (Chapter 3). The 
identification and quantification of a relevant PK-PD relationship is commonly more 
complex or even not feasible for anticancer drugs with dose-limiting toxicity that is recorded 
on a categorical scale. Larger data sets are generally required as categorical data are usually 
very sparse, subject to inter-observer variability or dependent on cumulative drug exposure. 
Relationships between drug exposure and measures of treatment efficacy may be even more 
difficult to assess due to heterogeneous study populations in early clinical development and 
insensitive measures of treatment response. However, incorporation of biomarkers may be a 
suitable tool to characterize treatment response. 
Advances in population modeling may promote the feasibility of PK-PD analyses of 
categorical toxicity and response scores. Increasing experience with longitudinal 
proportional odds ratio models, Markov models, time-to-event models and patient-drop-out 
models may stimulate the application of the population approach to define relationships 
between drug exposure and categorical pharmacodynamic data. 
 
Modeling and simulation to optimize treatment in clinical oncology  

In clinical oncology, it is critical that administered dosages yield optimal antitumor activity 
without causing life-threatening side effects. The balance between toxicity and efficacy 
(mostly defined by highest dose intensity) of anticancer drugs is optimal in a narrow 
therapeutic range. Treatment optimization may be further complicated when wide 
variability is observed between patients regarding drug disposition, tolerability and/or 
efficacy. The selection of optimal treatment regimens and individualization of dosing 
schedules are therefore important goals in the clinical application of anticancer agents.  
Population modeling and simulation can assist in treatment optimization during clinical 
development or in clinical practice. Patient related factors that are influential on drug 
exposure and/or clinical outcome can be identified and can be used to develop algorithms 
for dose individualization. For indisulam, the semi- physiological PK-PD model allowed 
verification of the impact of patient related factors on the risk of dose-limiting 
myelosuppression in a simulation study. Variant CYP2C genotype, several demographic 
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characteristics and low baseline blood cell counts were identified as risk factors for dose-
limiting toxicity and were used to define an algorithm for dose individualization (Chapter 
4). 
Indisulam is currently being evaluated in combination treatments. Simulation studies may 
support the selection of optimal administration schedules of combination regimens. In a 
dose escalation study of indisulam and capecitabine, an unexpected increase of the 
incidence and the severity of hematological toxicity was observed after multiple treatment 
cycles (Chapter 5.1). A time dependent drug-drug interaction was identified between 
indisulam and capecitabine and a safe dose of the combination was predicted in a 
subsequent simulation study (Chapter 5.2). The combination indisulam-carboplatin was 
unexpectedly not feasible in a 3-weekly regimen. The selection of a 4-weekly schedule was 
supported by the results of a PK-PD modeling and simulation (Chapter 6.1).  
 
Final conclusions 

Population PK-PD modeling and simulation can be applied to gain insight into the clinical 
pharmacology of novel anticancer agents. The population approach is suitable to explain 
variability between patients, to evaluate various administration schedules and to establish 
relationships between drug exposure and a relevant pharmacodynamic parameter. This 
may enhance the efficiency of drug development and may support the development of safe 
and effective dosing regimens for optimal treatment of cancer patients.  
In this thesis, the potential of population PK-PD modeling and simulation to support clinical 
development and to optimize dosing regimens has been exemplified by population PK-PD 
studies of indisulam, an investigational cell-cycle inhibitor which is currently in phase II 
clinical development. Population PK-PD modeling has played a major role in unraveling the 
clinical pharmacology of indisulam. In the development of this investigational compound, 
the population approach has guided the selection of safe treatment regimens for 
combination chemotherapy. The identification of patient related factors has promoted the 
predictability of the severity of bone marrow toxicity and can be used for dose 
individualization. Prospective evaluation of these optimized dosing regimens of indisulam 
is warranted. Population modeling and simulation may guide further phase II development 
of indisulam in combination chemotherapy regimens. 
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Summary 

 

Aim 

Indisulam is an investigational anticancer agent that is currently being evaluated in phase II 
clinical studies. The aim of this thesis was to develop a mechanism-based pharmacokinetic 
and pharmacodynamic model for indisulam-induced myelosuppression and to apply this 
model as a tool for treatment optimization. This may assist further clinical development of 
this drug. 
 
Semi-physiological population pharmacokinetic modeling 

Indisulam has a highly non-linear concentration-time profile (after intravenous admini-
stration), indicating complex underlying pharmacokinetic processes. The profound non-
linearity and the wide variability between patients contributed to poorly predictable drug 
exposure after treatment with indisulam. Further knowledge and understanding of the 
disposition of indisulam was required to support further development of the drug. 
Indisulam proved to have a high binding affinity for carbonic anhydrase isozymes I and II, 
which is abundant in red blood cells. In vitro experiments of indisulam have demonstrated 
that binding to red blood cells was high and saturable at clinically relevant concentrations. 
In addition, it has been suggested that some of the enzymatic bio-transformations might be 
saturable, resulting in non-linear elimination of indisulam. To evaluate and quantitate the 
impact of these and other mechanisms on the drug disposition, the population approach 
was used to develop a semi-physiological population pharmacokinetic model of indisulam 
(Chapter 2).  
First, a population model for the in vitro and in vivo blood distribution of indisulam was 
developed (Chapter 2.1). Concentrations of indisulam in plasma, in plasma ultrafiltrate and 
in red blood cells were available. Saturable binding of indisulam to plasma proteins was 
identified, with a maximal binding capacity directly proportional to the plasma albumin 
concentration. Based on the sulfonamide chemical structure of indisulam and on the 
estimated maximal binding capacity of indisulam in plasma, it was plausible that indisulam 
is saturably bound to albumin in plasma. In addition, a saturable binding equilibrium in red 
blood cells was demonstrated, possibly with carbonic anhydrase as target.   
The model for blood distribution of indisulam was the basis for the development of an in 
vivo semi-physiological population pharmacokinetic model. This model comprised four 
physiological compartments: plasma, erythrocytes, interstitial fluid and tissue. Indisulam 
elimination was best described by two parallel pathways: a saturable elimination pathway 
and a first order elimination process. Population pharmacokinetic modeling proved to be 
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suitable to identify and to integrate saturable binding in red blood cells, saturable binding to 
plasma proteins and a saturable elimination pathway to explain the remarkably non-linear 
pharmacokinetic profile of indisulam (Chapter 2.2).  
The semi-physiological model was a complex of linear and non-linear, time-dependent and 
instantaneous, binding and distribution equilibriums. The pharmacokinetic parameters of 
this model could only be estimated in a one-stage population approach, where all available 
data were simultaneously analyzed. The population approach also allowed quantification of 
the wide variability between patients. This wide pharmacokinetic variability may (partly) 
explain the variability of the toxicity of indisulam between patients. Therefore, it was 
warranted to investigate  the impact of drug exposure on indisulam-induced toxicity. 
 
Semi-physiological population modeling of myelosuppression 

Neutropenia and thrombocytopenia were identified as the dose limiting toxicities of 
indisulam.  These hematological toxicities were more severe in some patients than in others. 
A subset of patients developed grade 4 neutropenia, the most severe grade according to the 
Common Toxicity Criteria (CTC). These patients were at risk of developing serious and 
rapidly progressing infections that may even lead to death.  
A semi-physiological PK-PD model was used to define and quantitate the relationship 
between the pharmacokinetic profile of indisulam and the extent and the time course of 
indisulam-induced hematological toxicity. This model comprised a progenitor blood cell 
compartment, linked to the central circulation compartment, through 3 transition 
compartments representing the maturation chain in the bone marrow. Plasma 
concentrations of the drug were assumed to reduce the proliferation rate in the progenitor 
compartment according to a linear function. A feedback mechanism was included in the 
model representing the rebound effect of endogenous growth factors. 
This semi-physiological population pharmacokinetic and pharmacodynamic model could 
describe the time profile of neutropenia and thrombocytopenia after administration of 
indisulam in four treatment schedules (Chapter 3.1). The mechanistic base of this 
pharmacokinetic and pharmacodynamic model allowed reasonable extrapolation to 
conditions beyond conditions that had been previously investigated and, therefore, the 
model could be applied in simulation studies to evaluate alternative administration 
schedules and dosing regimens. 
Only part of the wide variability in the severity of indisulam-based myelosuppression was 
explained by variability in drug exposure. The observed large differences between patients 
in drug exposure and in the severity of indisulam-induced myelosuppression remained to 
be further explained by patient related factors. The parametric model was a suitable starting 
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point to study the impact of patient related factors on pharmacokinetic and 
pharmacodynamic parameters. 
 
Dose individualization based on pharmacokinetic and pharmacodynamic 
determinants 

Treatment with indisulam was complicated by myelosuppression, mainly because the 
severity was poorly predictable. Treatment may be optimized by identification of patient 
related determinants of indisulam-induced myelosuppression, followed by dose individua-
lization in order to reduce the risk of severe toxicity.  
In a pharmacogenetic study, the impact of genetic variation on indisulam pharmacokinetics 
was evaluated. Indisulam is mainly metabolized by cytochrome P450 (CYP) 2C enzymes. It 
has been suggested that polymorphisms of metabolizing enzymes may partly explain the 
wide variability of indisulam pharmacokinetics. Therefore, pharmacogenetics were 
incorporated in the previously developed PK-PD model to investigate the impact of 
polymorphisms of CYP2C enzymes on the elimination of indisulam. This pharmacogenetic 
model was used in combination with the semi-physiological model of myelosuppression in 
a simulation study to estimate the relative risk of patients with a variant CYP2C genotype. A 
Caucasian patient with a homozygous CYP2C*3 mutation and a Japanese patient with a 
homozygous CYP2C19*2 or *3 mutation had a relative risk of 2.2 and 4.5, respectively. 
Although these results were not prospectively evaluated and should therefore be carefully 
interpreted, it was concluded that screening for these CYP2C polymorphisms may assist in 
the selection of an optimized initial indisulam dosage (Chapter 4.1).  
An extensive covariate analysis was performed to identify additional pharmacokinetic and 
pharmacodynamic determinants of indisulam. Statistically significant patient-related factors 
were assessed for their clinical relevance in a simulation study. Low body surface area, 
Japanese race, variant CYP2C genotype, low baseline neutrophil and thrombocyte counts 
and female sex were related to a relative risk of dose limiting hematological toxicity of more 
than 1.1 and were therefore considered clinically relevant risk factors. An algorithm for dose 
individualization was developed based on these patient characteristics, which may assist in 
safe dosing of indisulam (Chapter 4.2). 
The algorithm for dose individualization aimed for maximal dose intensity with an 
acceptable risk of severe myelosuppression. This was based on the assumption that 
treatment efficacy increases with increasing dose intensity. The relationship between dose 
intensity and clinical outcome of indisulam therapy remains, however, to be further 
investigated. 
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Population PK-PD modeling and simulation to support treatment optimization of 
combination chemotherapy 

Indisulam is currently evaluated in combination regimens. A dose escalation study has been 
performed to assess the safety of indisulam in combination with capecitabine. The 
combination was well tolerated in the first treatment cycle, but severe myelotoxicity was 
observed after the second treatment cycle, which was suggestive for a time-dependent drug-
drug interaction (Chapter 5.1). It was hypothesized that capecitabine inhibits the synthesis 
of  CYP2C9, which is one of the major metabolizing enzymes of indisulam. This hypothesis 
was supported by a population PK-PD model of the combination. An enzyme turnover 
model was used to include the interaction with capecitabine into the semi-physiological 
pharmacokinetic model of indisulam. The maximal elimination rate of indisulam was 
proportional to the amount of active enzyme, which was reduced by capecitabine in a time-
dependent manner. This explained the increased exposure to indisulam, which in turn 
yielded the excessive myelosuppression that was observed after multiple treatment cycles. 
The risk of dose limiting neutropenia was assessed in a simulation study for various dose 
levels. The combination of 550 mg/m2 indisulam and 1250 mg/m2 capecitabine BID was 
predicted to be safe and feasible for future studies (Chapter 5.2). This study illustrated that 
population pharmacokinetic and pharmacodynamic modeling can be used to gain insight 
into complex drug-drug interactions and that a simulation study may yield information to 
support the selection of a recommended dose for further prospective evaluation. 
The combination of indisulam and platinum-based agents showed synergistic activity in 
preclinical studies. This warranted clinical evaluation of indisulam in combination with 
carboplatin. In a phase I dose escalation study, thrombocytopenia was the major dose 
limiting toxicity followed by neutropenia. A 3-weekly schedule of the combination was not 
tolerable, because a delay of re-treatment was frequently required to allow recovery from 
myelosuppression from previous cycles. A PK-PD model was developed and used to 
evaluate 3-weekly and 4-weekly administration regimens of various doses of the 
combination indisulam-carboplatin. This study showed that the carboplatin dosing 
algorithm as applied in the clinical study led to considerable higher drug exposure (AUC) 
than intended, which partly explained the excessive thrombocytopenia. Nevertheless, the 
results of the simulation study indicated that the risk of dose delay due to hematological 
toxicity after treatment with 350-700 mg/m2 indisulam in combination with 4-6 mg∙min/ml 
carboplatin was unacceptably high in a 3-weekly regimen and much lower in a 4-weekly 
schedule. This study confirmed that a 3-weekly regimen was not feasible for indisulam in 
combination with carboplatin and supported the selection of 500 mg/m2  indisulam in 
combination with 6 mg∙min/ml carboplatin in a 4-weekly regimen as the recommended dose 
for future studies (Chapter 6.1).  
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Model-based trial design of phase I clinical studies 

Four parallel phase I dose escalation studies have been performed to define a safe dose of 
indisulam in various administration schedules. Each of these studies was performed 
independently of the others and the studies were partly executed in parallel. However, PK-
PD data from an initial phase I study could have been used to optimize the trial design of 
subsequent dose escalation studies. We proposed a two-stage model-based design to 
increase the efficiency of a phase I program and to improve the determination of a 
recommended dose for further development.  This design consisted of the initial conduct of 
a single dose escalation study, followed by a model-based approach to determine an optimal 
yet safe starting dose for subsequent studies. After completion of the phase I program, all 
data were pooled to determine a model-based recommended dose for each administration 
schedule. Simulation studies were performed on compounds with dose-limiting 
hematological toxicity to evaluate this design. The method proved to be equally safe as the 
conventional design, the number of patients treated at a dose level below the recommended 
dose was reduced and the recommended dose for further evaluation could be precisely 
determined. These results were confirmed by retrospective evaluation of the phase I 
program of indisulam. This study demonstrates that population PK-PD modeling and 
simulation may support optimization of clinical trial designs (Chapter 7.1). 
 
Conclusions 

Population PK-PD modeling and simulation has contributed to a better understanding of 
the clinical pharmacology of indisulam. Dose individualization may improve treatment 
with indisulam. Further clinical development may be supported by optimization of 
combination chemotherapy. 
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Samenvatting 

 

Doel 

Indisulam is een experimenteel geneesmiddel tegen kanker, dat momenteel wordt getest in 
klinische studies. Het doel van dit onderzoek was de ontwikkeling van een (semi)-
fysiologisch model voor het beschrijven van de farmacokinetiek (PK) en farmacodynamiek 
(PD) van indisulam en de toepassing van dit model om de behandeling met indisulam te 
optimaliseren. Dit kan de klinische ontwikkeling van dit antikanker geneesmiddel 
bevorderen.  
 
Semi-fysiologisch model voor populatie-farmacokinetiek  

Het concentratie-versus-tijd profiel van indisulam (na intraveneuze toediening) is sterk niet-
lineair. Dit vormt een indicatie voor complexe onderliggende PK processen. Deze niet-
lineariteit en de grote variabiliteit tussen patiënten droegen bij tot een slechte 
voorspelbaarheid van de blootstelling aan indisulam. Aanvullende kennis en een beter 
begrip van de dispositie van indisulam zijn belangrijk voor verdere ontwikkeling van dit 
middel.  
Indisulam bleek een hoge bindingsaffiniteit te hebben voor de carbonzuuranhydrase 
isoenzymen I en II, die in relatief hoge concentraties aanwezig zijn in rode bloedcellen. In in 
vitro experimenten met indisulam was aangetoond dat de binding aan rode bloedcellen 
hoog was en dat deze binding verzadigbaar was bij therapeutische concentraties. Tevens 
was de enzymatische bio-transformatie van indisulam mogelijk verzadigbaar, hetgeen zou 
kunnen leiden tot niet-lineaire eliminatie. Om deze en andere mechanismen voor de 
dispositie van indisulam nader te evalueren en het effect hiervan te kwantificeren, werd een 
semi-fysiologisch PK-model ontwikkeld (Hoofdstuk 2). 
Dit PK-model werd ontwikkeld voor de in vitro en in vivo verdeling van indisulam in bloed 
(Hoofdstuk 2.1). Concentraties van indisulam in plasma, in plasma-ultrafiltraat en in rode 
bloedcellen waren beschikbaar. Verzadigbare binding van indisulam aan plasma-eiwitten 
werd aangetoond en de maximale bindingscapaciteit bleek evenredig aan de concentratie 
van albumine in plasma. De chemische structuur van indisulam (een sulfonamide) en de 
maximale eiwitbinding in plasma vormden aanwijzingen dat indisulam een 1:1 complex 
vormt met albumine. Bovendien werd aangetoond dat de binding van indisulam aan rode 
bloedcellen verzadigbaar was, mogelijk door specifieke binding aan carbonzuuranhydrase. 
Het model voor de bloeddistributie van indisulam vormde de basis voor een in vivo semi-
fysiologisch PK-model. Dit model bestond uit vier fysiologische compartimenten: plasma, 
rode bloedcellen, interstitiële vloeistof en weefsel. De eliminatie van indisulam kon het best 
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beschreven worden door twee parallelle routes: een verzadigbare route en een eerste-orde-
proces. Verzadigbare binding in rode bloedcellen en plasma-eiwitten en verzadigbare 
eliminatie van indisulam konden worden aangetoond en geïntegreerd in een semi-
fysiologisch model. Hiermee kon de uitgesproken niet-lineaire PK van indisulam verklaard 
worden (Hoofdstuk 2.2).  
Voor de ontwikkeling van de modellen werd de zogenaamde “populatie-benadering” 
gebruikt. Deze benadering was niet alleen geschikt om de processen betrokken bij de PK 
van indisulam te bestuderen maar ook om de grote variabiliteit tussen patiënten te 
kwantificeren. De variabiliteit in het optreden van bijwerkingen van indisulam tussen 
patiënten kan mogelijk (gedeeltelijk) verklaard worden door deze grote PK variabiliteit. Om 
die reden werd het zinvol geacht om de invloed van blootstelling aan indisulam op de 
toxiciteit van het geneesmiddel te onderzoeken. 
 
Semi-fysiologisch populatiemodel voor beenmergsuppressie 

De dosering van indisulam bleek beperkt te worden door het optreden van neutropenie en 
thrombocytopenie. Deze vormen van hematologische toxiciteit waren in sommige patiënten 
ernstiger dan in andere. Een klein deel van de patiënten ontwikkelde een graad 4 
neutropenie, de meest ernstige vorm volgens de Common Toxicity Criteria (CTC). Deze 
patiënten liepen het risico op ernstige en snel verergerende infecties die mogelijk fataal 
kunnen aflopen. 
Om de relatie tussen het PK profiel van indisulam en het beloop van de hematologische 
toxiciteit vast te stellen en te kwantificeren werd een semi-fysiologisch PK-PD-model 
gebruikt. Dit model omvatte een compartiment voor ongedifferentiëerde bloedcellen, dat in 
verbinding stond met de centrale circulatie via drie tussencompartimenten die de 
rijpingsstadia van het beenmerg vertegenwoordigen. 
Aangenomen werd dat indisulam de proliferatiesnelheid van ongedifferentiëerde 
bloedcellen verlaagt, evenredig aan de plasmaconcentraties.. Er werd een “feedback”-
mechanisme in het model opgenomen om rekening te houden met het “rebound”-effect als 
gevolg van de werking van endogene groeifactoren. 
Met dit semi-fysiologische populatie-PK-PD-model was het mogelijk het beloop van 
neutropenie en thrombocytopenie na toediening van indisulam volgens vier 
behandelingsschema’s te beschrijven (Hoofdstuk 3.1). Dit semi-fysiologische PK-PD-model 
werd gebruikt om het effect van de behandeling met indisulam te extrapoleren vanuit wat 
in het verleden was onderzocht om alternatieve toedieningsschema’s en doseringen te 
evalueren. 
De grote variabiliteit in de ernst van de door indisulam veroorzaakte beenmergsuppressie 
kon slechts gedeeltelijk worden verklaard uit de variabiliteit in de blootstelling aan het 
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geneesmiddel. De waargenomen grote verschillen tussen patiënten in de blootstelling aan 
indisulam en in de ernst van de daardoor veroorzaakte beenmergsuppressie konden 
mogelijk nader worden verklaard door patiënt-gebonden factoren. Om de invloed van deze 
patiënt-gebonden factoren op de PK en PD parameters te bestuderen werd het eerder 
ontwikkelde semi-fysiologische model gebruikt als uitgangspunt. 
 
Individualisatie van de dosering op basis van PK en PD determinanten 

De behandeling met indisulam was complex vanwege de beenmergsuppressie, vooral 
omdat de ernst ervan moeilijk voorspelbaar was. De behandeling zou kunnen worden 
geoptimaliseerd door de patiënt-gebonden determinanten van door indisulam veroorzaakte 
myleosuppressie te identificeren en vervolgens de dosering te individualiseren om het risico 
op ernstige toxiciteit te verminderen. 
In een farmacogenetische studie werd de invloed van genetische variatie op de 
farmacokinetiek van indisulam onderzocht. Indisulam wordt voornamelijk gemetaboliseerd 
door cytochroom P450(CYP)2C enzymen. Er werd voorheen gesuggereerd dat de grote 
variabiliteit in de farmacokinetiek van indisulam gedeeltelijk kon worden verklaard op 
grond van polymorfisme van metaboliserende enzymen. Daarom werden 
farmacogenetische variabelen opgenomen in het eerder ontwikkelde PK-PD-model om de 
invloed van CYP2C-enzym-polymorfie op de eliminatie van indisulam na te gaan. Dit 
farmacogenetische model werd in een simulatiestudie, in combinatie met het semi-
fysiologische model voor beenmergsuppressie, gebruikt om het relatieve risico op ernstige 
beenmergsuppressie te kunnen inschatten voor patiënten met een afwijkend CYP2C-
genotype. Een Kaukasische patiënt met een homozygote CYP2C*3-mutatie en een Japanse 
patiënt met een homozygote CYP2C19*2- of *3-mutatie hadden een relatief risico van 2.2 en 
4.5, respectievelijk, ten opzichte van wild-type patiënten. Alhoewel deze resultaten niet 
prospectief werden geëvalueerd en daarom met de nodige voorzichtigheid moeten worden 
geïnterpreteerd, was de conclusie dat het bepalen van  het CYP2C-genotype van nut kan 
zijn bij de bepaling van de optimale startdosis van indisulam (Hoofdstuk  4.1). 
Er werd een uitgebreide data-analyse uitgevoerd om additionele PK en PD determinanten 
van indisulam te identificeren. Statistisch significante patiënt-gerelateerde factoren werden 
in een simulatiestudie beoordeeld op hun klinische relevantie. Een laag lichaamsoppervlak, 
Japans ras, CYP2C-mutaties, lage basiswaarden van het neutrofielen- en trombocytengetal 
en het vrouwelijke geslacht hadden een relatief risico op ernstige hematologische toxiciteit 
van meer dan 1.1. Op basis van deze patiënten-karakteristieken werd een algoritme 
ontwikkeld om de dosering te individualiseren. Dit algoritme is mogelijk nuttig om 
indisulam veilig te doseren (Hoofdstuk 4.2). 
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Het algoritme voor individualisatie van de dosering was erop gericht een zo intensief 
mogelijke behandeling te kunnen bereiken met een aanvaardbaar risico op 
beenmergsuppressie. Dit is gebaseerd op de veel gebruikte aanname in de klinische 
oncologie dat de effectiviteit van de behandeling toeneemt met toenemende intensiteit van 
de dosering. De relatie tussen de intensiteit van de dosering van indisulam en het klinische 
resultaat blijft echter onderwerp voor nader onderzoek. 
 
Populatie PK-PD om de behandeling met combinaties van chemotherapeutica te 
optimaliseren  

Indisulam wordt thans onderzocht in combinatie met ander chemotherapeutica. Een dosis-
escalatie-studie is uitgevoerd om de veiligheid van indisulam te onderzoeken in combinatie 
met capecitabine. De combinatie werd goed verdragen tijdens de eerste cyclus, maar na de 
tweede cyclus werd ernstige beenmergsuppressie waargenomen, hetgeen een 
tijdsafhankelijke interactie tussen de beide geneesmiddelen suggereerde (Hoofdstuk 5.1). 
Verondersteld werd dat capecitabine de synthese van CYP2C9, één van de belangrijke 
metaboliserende enzymen van indisulam, remt. Deze veronderstelling werd ondersteund 
door een populatie-PK-PD-model van de combinatie. Er werd een zogenaamd “enzym-
turnover-model” gebruikt om de interactie met capecitabine in het semi-fysiologische PK-
model van indisulam op te nemen. De maximale eliminatiesnelheid van indisulam was 
evenredig met de hoeveelheid van het actieve enzym verantwoordelijk voor deze eliminatie 
en deze hoeveelheid werd door capecitabine verlaagd. Dit verklaarde de verhoogde 
blootstelling aan indisulam die vervolgens aanleiding gaf tot verhoogde 
beenmergsuppressie na meerdere behandelingscycli. Het risico op dosis-beperkende 
neutropenie werd onderzocht in een simulatiestudie met verschillende doseringen van de 
combinatie. Deze studie leidde tot de conclusie dat de combinatie van 550 mg/m2 indisulam 
en 1250 mg/m2 capecitabine (tweemaal daags) veilig en geschikt zou zijn voor toekomstige 
studies (Hoofdstuk 5.2). Deze studie gaf aan dat populatie-PK-PD-analyse gebruikt kan 
worden om inzicht te krijgen in complexe geneesmiddel-interacties en dat een 
simulatiestudie informatie kan opleveren om een verantwoorde keuze te maken voor de 
aanbevolen dosering voor verder prospectief onderzoek.  
De combinatie van indisulam en platinum-gebaseerde antikanker middelen vertoonde 
synergistische activiteit in niet-klinische studies. Dit was aanleiding voor klinisch onderzoek 
van indisulam in combinatie met carboplatin. In een fase I-studie met oplopende doses, 
vormde trombocytopenie de belangrijkste dosis-beperkende toxiciteit, gevolgd door 
neutropenie. Een 3-wekelijks schema werd niet verdragen omdat het vervolg van de 
behandeling vaak moest worden uitgesteld om herstel van de beenmergsuppressie van 
voorafgaande cycli mogelijk te maken. Een PK-PD-model werd ontwikkeld en gebruikt om 
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3-wekelijkse en 4-wekelijkse toedieningsschema’s van verschillende doseringen van de 
combinatie indisulam-carboplatin te evalueren. Deze studie toonde aan dat het algoritme 
voor de dosering van carboplatin zoals dat in de klinische studie was toegepast, tot 
aanzienlijk hogere blootstelling (AUC) aan het geneesmiddel leidde dan de bedoeling was, 
hetgeen gedeeltelijk de verklaring vormde voor de excessieve trombocytopenie. Niettemin 
gaven de resultaten van de simulatiestudie aan dat het risico van uitstel van de 
vervolgbehandeling vanwege hematologische toxiciteit na behandeling met 350-700 mg/m2 
indisulam en 4-6 mg∙min/ml carboplatin onaanvaardbaar hoog was in een 3-wekelijks 
schema en veel lager in een 4-wekelijks schema. Deze studie bevestigde dat een 3-wekelijks 
schema niet geschikt was voor indisulam in combinatie met carboplatin en pleitte ervoor om 
in toekomstige studies te kiezen voor een aanbevolen dosering van 500 mg/m2  indisulam in 
combinatie met 6 mg∙min/ml carboplatin in een 4-wekelijks behandelschema (Hoofdstuk 
6.1).   
 
Opzet van fase I-studies op basis van modeling 

Er zijn vier fase I-studies met indisulam in oplopende doses in verschillende 
toedieningsschema’s uitgevoerd om een veilige dosering en het meest optimale 
behandelingsschema vast te stellen. De studies werden onafhankelijk van en gedeeltelijk 
parallel aan elkaar uitgevoerd. De PK-PD-gegevens van één initiële fase I-studie hadden 
echter gebruikt kunnen worden om de studieopzet van latere studies te optimaliseren om zo 
het aantal patiënten behandeld met lage (en mogelijk niet werkzame) doses te verlagen, 
zonder dat de veiligheid van de patiënten in het geding komt. 
We stelden een opzet in twee stadia voor, gebaseerd op modeling, om de efficiëntie van een 
fase I-programma te verhogen en de bepaling van een aanbevolen dosering voor verdere 
ontwikkeling te verbeteren. Deze opzet bestond uit de initiële uitvoering van één studie met 
oplopende doses, gevolgd door een benadering die erop gericht was om op basis van 
modeling een optimale maar toch veilige startdosis voor volgende studies te bepalen. Na 
voltooiing van het fase I-programma werden alle gegevens samengevoegd om door middel 
van modeling en simulatie de aanbevolen dosering voor elk behandelingsschema vast te 
stellen. Om deze opzet te testen, werden simulatiestudies uitgevoerd met hypothetische 
antikanker middelen met dosis-limiterende hematologische toxiciteit. De methode bleek 
even veilig als de conventionele aanpak, het aantal patiënten dat behandeld werd met een 
dosis lager dan de aanbevolen dosering was minder en de aanbevolen dosering voor verder 
onderzoek kon nauwkeuriger worden vastgesteld. Deze resultaten werden bevestigd door 
middel van een retrospectieve evaluatie van het fase I-programma van indisulam. Dit 
onderzoek toont aan dat modeling en simulatie van PK-PD-data kunnen bijdragen tot 
verbetering van de opzet van klinische studies (Hoofdstuk 7.1). 
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Conclusies 

Populatie-PK-PD-modeling en -simulatie hebben geresulteerd in een beter begrip van de 
klinische farmacologie van indisulam. Individualisatie van de dosering kan de behandeling 
met indisulam verbeteren. Optimalisatie van combinatietherapie kan bijdragen tot de 
verdere ontwikkeling van dit geneesmiddel.  
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