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BACKGROUND. Precision medicine requires accurate technologies for drug administration and proper systems pharma-
cology approaches for patient data analysis.
MATERIALS AND METHODS. Here, plasma pharmacokinetics (PK) data of the OPTILIV trial in which cancer patients 
received oxaliplatin, 5-fluorouracil and irinotecan via chronomodulated schedules delivered by an infusion pump into the 
hepatic artery were mathematically investigated. A pump-to-patient model was designed in order to accurately represent 
the drug solution dynamics from the pump to the patient blood. It was connected to semi-mechanistic PK models to analyze 
inter-patient variability in PK parameters.
RESULTS AND DISCUSSION. Large time delays of up to 1 h 41 min between the actual pump start and the time of 
drug detection in patient blood was predicted by the model and confirmed by PK data. Sudden delivery spike in the patient 
artery due to glucose rinse after drug administration accounted for up to 10.7 % of the total drug dose. New model-guided 
delivery profiles were designed to precisely lead to the drug exposure intended by clinicians. Next, the complete mathe-
matical framework achieved a very good fit to individual time-concentration PK profiles and concluded that inter-subject 
differences in PK parameters was the lowest for irinotecan, intermediate for oxaliplatin and the largest for 5-fluorouracil. 
Clustering patients according to their PK parameter values revealed patient subgroups for each drug in which inter-patient 
variability was largely decreased compared to that in the total population.
CONCLUSIONS. This study provides a complete mathematical framework to optimize drug infusion pumps and inform 
on inter-patient PK variability, a step towards precise and personalized cancer chronotherapy.
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ОБҐРУНТУВАННЯ. Прецизійна медицина потребує точних технологій для призначення лікарських препаратів 
і відповідних фармакологічних систем для аналізу даних пацієнтів.
МАТЕРІАЛИ ТА МЕТОДИ. Проведено математичний аналіз фармакокінетичних (ФК) даних дослідження OPTILIV, 
в якому пацієнти з раком отримували оксаліплатин, 5-фторурацил та іринотекан за хрономодулюваними схемами 
за допомогою інфузійної помпи з уведенням у печінкову артерію. Для точного представлення динаміки розчину 
препаратів від помпи до крові пацієнта була розроблена відповідна модель, яку прив’язали до напівмеханістичних 
ФК‑моделей для аналізу міжіндивідуальної варіабельності ФК‑параметрів.
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РЕЗУЛЬТАТИ ТА ЇХ ОБГОВОРЕННЯ. Модель прогнозувала великі часові затримки (до 1 год 41 хв) від фактичного 
запуску помпи до виявлення хіміопрепарату в крові пацієнта, що було підтверджено ФК‑даними. Раптовий стрибок 
доставки препарату в печінкову артерію після промивання глюкозою після інфузії становив до 10,7 % від призначеної 
дози. Для точної експозиції препарату, визначеної лікарем, були розроблені нові профілі доставки, котрі ґрунтуються 
на створеній моделі. Повний математичний фреймфорк дав змогу досягти дуже високої точності в індивідуальних 
ФК‑профілях «концентрація-час». Найменша різниця між пацієнтами у ФК‑параметрах була відзначена для іриноте-
кану, помірна – для оксаліплатину й найбільша – для 5-фторурацилу. Кластеризація пацієнтів відповідно до значень 
їхніх ФК‑параметрів виявила підгрупи хворих для кожного препарату, в яких міжіндивідуальна варіабельність була 
значно меншою порівняно із загальною популяцією.
ВИСНОВКИ. Дослідження надало повний математичний фреймворк для оптимізації введення хіміопрепаратів 
за допомогою інфузійних помп, а також інформацію щодо міжіндивідуальної варіабельності ФК, що є важливим 
кроком до прецизійної та персоналізованої хронотерапії раку.
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ОБОСНОВАНИЕ. Прецизионная медицина требует точных технологий для назначения лекарственных препаратов 
и соответствующих фармакологических систем для анализа данных пациентов.
МАТЕРИАЛЫ И МЕТОДЫ. Проведен математический анализ фармакокинетических (ФК) данных исследования 
OPTILIV, в котором пациенты с раком получали оксалиплатин, 5-фторурацил и иринотекан по хрономодулиро-
ванным схемам с помощью инфузионной помпы с введением в печеночную артерию. Для точного представле-
ния динамики раствора препаратов от помпы до крови пациента была разработана соответствующая модель, 
которую привязали к полумеханистическим ФК‑моделям для анализа межиндивидуальной вариабельности 
ФК‑параметров.
РЕЗУЛЬТАТЫ И ИХ ОБСУЖДЕНИЕ. Модель прогнозировала большие временные задержки (до 1 ч 41 мин) от фак-
тического запуска насоса до выявления химиопрепарата в крови пациента, что было подтверждено ФК‑данными. 
Резкий скачок доставки препарата в печеночную артерию после промывания глюкозой после инфузии составлял 
до 10,7 % от назначенной дозы. Для точной экспозиции препарата, определенной врачом, были разработаны новые 
профили доставки, основанные на созданной модели. Полный математический фреймфорк позволил достичь очень 
высокой точности в индивидуальных ФК‑профилях «концентрация-время». Наименьшая разница между пациентами 
в ФК‑параметрах была отмечена для иринотекана, умеренная – для оксалиплатина и наибольшая – для 5-фтору-
рацила. Кластеризация пациентов в соответствии со значениями их ФК‑параметров выявила подгруппы больных 
для каждого препарата, в которых межиндивидуальная вариабельность была значительно меньше по сравнению 
с общей популяцией.
ВЫВОДЫ. Исследование предоставило полный математический фреймворк для оптимизации введения химио-
препаратов с помощью инфузионных насосов, а также информацию о межиндивидуальной вариабельности ФК, что 
является важным шагом к прецизионной и персонализированной хронотерапии рака.

КЛЮЧЕВЫЕ СЛОВА: рак, хронотерапия, химиотерапия, циркадианный ритм, фреймворк.
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Introduction

Cancer management is challenged by large inter- and 
intra-patient variabilities in both disease progression and 
response to treatments. Thus, the quest for accurate and per-
sonalized cancer therapies has fostered the development of 
new technologies enabling multi-type measurements in in-
dividual patients and complex drug scheduling. To translate 
datasets available for an individual patient into personalized 
therapies and further ensure their precise administration, 
new mathematical approaches are required. Indeed, systems 
medicine, that involves the implementation of theoretical 
approaches in medical research and practice, is critically 
needed as emphasized in the roadmaps of the Coordinated 
Action for Systems Medicine (CaSyM) from the European 
Union (www.casym.eu [1]) and of the Avicenna action (www.
avicenna-isct.org), and in other international consortia [2-5]. 
The final aim is a measurable improvement of patient health 
through systems-based practice which will enable predictive, 
personalised, participatory and preventive (P4) medicine [6].

Accuracy and safety of infusion pumps are mandatory 
to ensure that the correct drug dose is delivered to the pa-
tient over the intended period. Recurrent incidents related 
to devices delivering fluids such as nutrients or medications 
into the body have led the U. S. Food and Drug Administra-
tion (FDA) to launch in 2010 an initiative to reduce infusion 
pump risks (www.fda.gov/medicaldevices/productsandmed-
icalprocedures/generalhospitaldevicesandsupplies/infu-
sionpumps/ucm202501.htm). Many of the reported events 
are related to deficiencies in the initial design of the device 
and of the embedded software. Adverse events may also 
arise from a defect appearing over the device’s life cycle due 
to technical failure or lack of proper maintenance. However, 
due to the complexity of the equipment, user errors are also 
common [7].

Optimizing chemotherapeutics index, defined as the ratio 
between treatment antitumor efficacy and induced toxicities, 
is complex at multiple levels. First, large inter-patient vari-
abilities are demonstrated in drug pharmacokinetics (PK), 
tolerability and anti-tumour efficacy [2, 8-10]. Next, import-
ant intra-patient variabilities arise from the fact that tumour 
and healthy tissues, rather than being static over time, dis-
play time-dependent variations, in particular over the 24 h 
span, which are called circadian rhythms [11]. The circadian 
timing system controls most physiological functions of the 
organism resulting in drug Absorption, Distribution, Metabo 
lism and Elimination (ADME) displaying 24 h-rhythms with 
differences of up to several folds between minimum and 
maximum activities [12, 13].

Chronotherapy – that is administering drugs according 
to the patient’s biological rhythms over 24 h – is a growing 
field in medicine and especially in oncology. Indeed, at least 
22 clinical trials involving a total of 1773 patients with dif-
ferent types of metastatic cancers have demonstrated a sig-
nificant influence of administration timing on the tolerability 
of 11 commonly-used antitumor drugs [14]. Two randomized 
phase III clinical trials in 278 metastatic colorectal cancer 
(mCRC) patients receiving oxaliplatin and 5-fluorouracil 
showed that cancer chronotherapy achieved an up-to‑5-fold 
decrease in treatment side effects and nearly doubled an-
ti-tumour efficacy compared to conventional administration 
of the same drug doses [15]. However, a meta-analysis of 

these two studies combined to another clinical trial involving 
564 mCRC patients receiving the same drugs (497 men and 
345 women in total) concluded that the chronomodulated 
drug modality significantly increased the efficacy and sur-
vival in men while reducing that in women as compared to 
conventional administration [16]. Such sex-specificity was 
further validated for irinotecan chronotoxicity in mouse 
experiments [17] and in a clinical trial involving 199 mCRC 
patients treated with oxaliplatin (infusion peak 4 pm), 5-flu-
orouracil (infusion peak 4 am) and irinotecan given at 6 
different circadian times [18]. Both studies showed a higher 
circadian amplitude in females as compared to males and a 
difference of several hours between the optimal timing of 
each gender. Furthermore, circadian biomarker monitoring 
in individual patients recently revealed up to 12 h inter-
patient differences regarding the timing of midsleep, the 
circadian maximum in skin surface temperature or that in 
physical activity [19]. These investigations have highlighted 
the need for the individualization of drug combinations 
and chronoinfusion schemes to further improve treatment 
outcome, taking into account the patients’ sex, chronotype 
and genetic background. The accurate delivery of intended 
administration profiles is obviously critical in this context. 
Chronotherapy requires the error in drug infusion timing not 
to be greater than few hours.

Clinical findings about cancer chronotherapy have moti-
vated the development of innovative technologies for chrono-
modulated drug delivery including the Mélodie infusion pump 
(Axoncable, Montmirail, France [20]). This portable electronic 
pump allows for the administration of up to 4 compounds 
according to pre-programmed schedules over the 24 h span. 
It was used in several clinical trials for the chronomodulated 
delivery of irinotecan (CPT11), oxaliplatin (LOHP) and 5-fluo-
rouracil (5-FU) into the central vein of metastatic colorectal 
cancer patients [13]. The Mélodie pump was recently used to 
infuse those three anticancer drugs directly into the hepatic 
artery of metastatic cancer patients in the translational Euro-
pean OPTILIV Study [20]. This uncommon delivery route into 
the hepatic artery and the use of an infusion pump to deliver 
the drugs according to chronomodulated profiles represent a 
novel chemotherapeutic approach which needs to be quan-
titatively investigated to maximize patient benefit. In this 
study, the plasma PK of oxaliplatin revealed inconsistencies 
between programmed delivery schedules and observed drug 
concentration within the patient blood including a delay in 
the time taken for the drug to be detectable in the blood 
and unexpected peaks in plasma concentrations during drug 
infusion. Such inconsistencies between targeted drug expo-
sure patterns and plasma drug levels motivated the design 
of a mathematical model of fluid dynamics within the pump 
system presented hereafter. This pump-to-patient model was 
then connected to semi-physiological PK models to inves-
tigate the inter-patient variability in drug PK after hepatic 
artery administration. Thus, this systems pharmacology study 
aimed to develop predictive mathematical models allow-
ing for the quantitative and general understanding of 1) the 
pump dynamics, irrespective of the drug delivery device, and 
2) patient-specific whole-body PK of irinotecan, oxaliplatin 
and 5-fluorouracil after drug administration using an infusion 
pump. Such mathematical techniques would then allow for 
precise and personalized drug timing.
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Results

The overall objective of this study was to accurately 
investigate the inter-patient variability in the plasma PK of 
the three anticancer drugs administered during the OPTILIV 
trial. A first strategy consisted in using compartmental PK 
modelling taking the delivery profiles programmed into 
the infusion pump as inputs for the plasma compartments. 
However, such methodology revealed inconsistencies be-
tween the best-fit models and the data, including delays of 
several hours. We then concluded that the fluid dynamics 
from the pump to the patient had to be quantitatively 
modelled. Hence, we designed the complete model in two 
sequential mathematical studies. First, we studied the drug 
solution dynamics from the pump to the patient blood for 
which the model was based on partial differential equa-
tions. This novel model of the pump delivery system took 
into account the specificity of the equipment used in order 
to accurately predict drug delivery in the patients’ blood, 
although it those can be easily adapted to any drug delivery 
devices. Second, we connected this model to compartmen-
tal PK models based on ordinary differential equations. 
This complete framework allowed for the investigation 
of inter-patient variability in drug PK after hepatic artery 
administration.

Pump-to-patient drug solution dynamics
Model design. The pump-to-patient model is a transport 

equation representing the dynamics of the drug solution 
along the administration tube, with respect to time (t) and 
one-dimensional space (x) (eq. 1). x is the distance along 
the tube from the pump (x=0) to the patient (x=L). The drug 
solution was assumed to be incompressible so that the fluid 
velocity was considered as constant along the whole tube. 
Thus, the drug concentration in the tube u (x, t) changes with 
respect to the following equation: respect to the following 
equation:

       (1)

with a Dirichlet boundary condition of,
  
                                                                   ,                         (2)

where V (t) is the fluid velocity inside the tube, ex-
pressed in m/h. The constant sa = πr2 is the cross sectional 
surface area of the tube (in m2), with r being the radius 
of the tube. The source term S (t) represents the amount 
of drug delivered according to the infusion profile pro-
grammed into the pump and is expressed in mol/h. Initial 
conditions along the tube are u (x, 0) = [0, L]. The fluid ve-
locity and source terms are controlled by the pump which 
imposes a fluid delivery rate expressed in ml/h. They are 
computed by converting the fluid delivery rate into m/h and 
mol/h respectively using the tube geometry and the con-
centration of each drug solution. Hence, model simulations 
at the end of the tube (x=L) do not depend on the exact 
geometry of the tube but rather on its total volume. The 
input function for PK models depending only on quantities 
at the end of the tube, the original infusion tube which 
was constituted of two sections of different diameters was 

simplified in numerical simulations to a tube of radius 1 mm 
and total length 2340 mm that had the same total volume 
as the original set-up. The total tube volume was set to 
1.84 mL as in the equipment used in the OPTILIV study. 
The transport equation with associated initial and bound-
ary conditions can be solved using the classical method of 
characteristics which gives [21]:

   

 ,

where τ (x, t) is the time at which the drug reaching point 
x at time t initially entered the system i. e.

                              .

The input function for the PK models corresponds to the 
rate of drug infusion into the patient (i. e. at x=L) and can 
be obtained by:

Note that, for all drug infusion apart from the glucose 
flushes, the source term S (t) is proportional to the fluid ve-
locity V (t) as the drug is infused within the tube in the same 
time as the fluid, so that d (t) is proportional to V (t) once the 
tube is filled i. e. for times t such that  .

Differences between programmed infusion profiles 
and actual drug delivery in the patient’s blood

The pump infusion schemes used in the OPTILIV trial 
were simulated for the three drugs: irinotecan, oxaliplatin 
and 5-fluorouracil. Whereas the drug profiles programmed 
into the pump followed a smooth sinusoidal function, the 
actual drug delivery in the patient artery differed from the 
programmed profiles by two main features. First, the model 
predicted a significant time delay between the actual start 
of the drug delivery by the pump and the time the drug first 
reached the patient blood. This delay was evaluated by the 
model to 3 h 5 min for oxaliplatin, 2 h 20 min for 5-fluorou
racil and 51 min for irinotecan. It corresponded to the time 
taken to fill the infusion tube with the solution containing 
the drug at the beginning of the infusion. The delay was 
drug-specific as it depended on the drug solution concentra-
tion and the velocity of the solution in the tube driven by the 
programmed input profiles. Next, at the end of the infusion 
profiles, the pump stopped and did not administer the amount 
of drug left inside the tube. This remaining drug was flushed 
out by the glucose rinse subsequent to drug administration 
which induced a sudden delivery spike in the patient artery. 
The amount of drug in this spike was expressed in percentage 
of total drug delivered and was estimated to 10.7 % for ox-
aliplatin, 5.36 % for 5-fluorouracil and 1.85 % for irinotecan. 
Doses and rates can be seen in table 1.
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Our systems approach revealed important differences 
between the intended drug infusion profile and the actual 
administration into the patient artery. Hence, we developed 
optimized infusion profiles that strictly achieved the drug ad-
ministration intended by clinicians. The same equipment was 
considered to avoid cost of changing. Drug concentrations of 
the infusion solutions were kept unchanged in order to avoid 
possible problems of drug stability. In order to administer 
the drug in the patient’s blood following a smooth sinusoidal 
function, a profile in three parts is required as follows (fig. 1). 
The first part of the profile is an initial bolus to fill the tube be-
tween the pump and the patient with the drug solution. Once 
the tube is filled, the original sinusoidal profile starts. Then, 
to solve the problem of the amount of drug left in the tube 

when the pump stops, the original sinusoidal profile needs to 
be interrupted when the total drug amount has left the drug 
bag. Then, a subsequent glucose rinse needs to be infused 
according to the final segment of the sinusoidal curve in order 
to deliver the drug remaining in the tube at the correct rate.

Inter-patient variabilities in irinotecan, 5-fluorouracil 
and oxaliplatin PK after chronomodulated administration. 
The pump-to-patient model provided educated predictions of 
the drug infusion into the patients’ blood, which was a pre-
requisite to study the inter-patient variability in the PK of 
irinotecan, oxaliplatin and 5-fluorouracil. A compartmental 
physiological model was designed for each drug separately, 
since interactions between CPT11 and LOHP, and between 

Fig. 1. Improved administration profiles

(A) shows the drug solution delivery profile which consists of an initial bolus to fill the tube entirely, followed by the original profile. (B) 
shows the rinse solution delivery rate which continues drug delivery at correct rate while clearing the tube from any active substance, 
Original rinse peaks were kept unchanged, although there are not mandatory in this administration design. (C) shows how the flow 
rate along the tube is smoothly switched between the drug and the rinse and (D) shows the new drug delivery profile that will enter 
the patient compared to the original profile used in the OPTILIV study.
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Table. Describing the defining delivery values for CPT11, LOHP and 5-FU

Drug Total dose (mg/m2) Drug solution  
concentration (mg/ml) Main peak rate (ml/m2/h) Spike peak rate (ml/m2/h)

CPT11 180 3.33 18.02 7.38
LOHP 28 3 1.63 7.28
5-FU 933 50 3.4 6.96

Table describing the defining delivery values for CPT11, LOHP and 5-FUThe main peak refers to the maximum flow rate from the 
intended delivery schedule. The spike peak rate refers to the maximum flow rate of the delivery caused by the glucose flush.



54  |  2–2020 INFUSION & CHEMOTHERAPY

ЗАРУБІЖНИЙ ДОСВІД

LOHP and 5-FU have not been demonstrated [22, 23] and 
CPT11 and 5-FU also showed no interaction if CPT11 is deliv-
ered first as it is in this study [24]. All parameters were fitted 
for each patient and each drug independently.

Compartmental models of irinotecan, 
oxaliplatin and 5-fluorouracil PK

Model design. PK models represented the drug fate 
in: the Liver, to accurately represent hepatic delivery, the 
Blood, the measurement site, and the rest of the body known 
throughout this paper as Organs. The volume of each com-
partment was individualised for each patient using Vauthey 
method for Liver [25], Nadler’s formula for Blood [26], and 
Sendroy method for Organs [27]. Each model assumed that 
the drug was delivered directly into the liver compartment 
to represent the Hepatic Artery Infusion (HAI, fig. 2-4). All 
transports in between compartments were considered as 
passive and were represented by linear terms. Throughout 
this paper, the terms Blood-Liver or Blood-Organ transport 
represent a bidirectional transport that encompasses the 
transfer across the blood vessel walls into/from tissues. 
This simplification has been adopted due to lack of data 
on the transport processes between compartments. In the 
models, the drug clearance terms accounted for all types 
of drug metabolism which were not explicitly modelled 
(e. g. hepatic CYP450 activity) and i) renal elimination for 
the Blood compartment, ii) intestinal elimination for the 
Organs compartment and iii) biliary excretion for the Liver 

compartment only for irinotecan and 5-fluorouracil since 
it could be neglected for oxaliplatin [28-30]. The Organs 
compartment did not include the intestinal lumen and only 
accounted for the intestinal cells composing the wall of the 
intestine which were exposed to the drug through blood 
circulation. The intestinal cells may expel the drug toward 
the lumen or transform the drug through metabolism, both 
phenomena being represented by the intestinal clearance 
in the models. The drug excreted through the bile directly 
reached the intestinal lumen – which was not considered 
as part of the Organs compartment – and the drug recircu-
lation was neglected. In the absence of quantitative data 
and to avoid model over-parametrization, circadian rhythms 
were neglected in the PK models and all parameters were 
assumed to be constant over the 8-h time window of PK 
measurements. Any chemical species bound either to plasma 
proteins or to DNA was assumed to be unable to move be-
tween compartments or to be cleared from the system.

Parameter identifiability assessed though sensitivity 
analysis to cost function variations revealed poor sensitivity 
of the clearance rate constant in the Organs compartment for 
the three drugs (see Methods). Hence, Organ clearance was 
neglected for 5-fluorouracil which is mainly cleared through 
hepatic metabolism, biliary excretion and renal elimina-
tion [30]. Organs clearance and liver clearance was neglected 

Fig. 2. Semi-physiological model of irinotecan PK

Compartments were minimised to the most important com-
ponents, Liver to accurately represent drug delivery, Blood 
which is measurement site and Organs to represent the 
rest of the body. Ci is the rate constant of clearance from 
compartment i. Irinotecan is bio-activated into its active 
metabolite SN38. Irinotecan was assumed to be delivered 
directly into the liver.
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Fig. 3. Semi-physiological model of oxaliplatin PK

Compartments were minimised to the most important com-
ponents, Liver to accurately represent drug delivery, Blood 
which is measurement site and Organs to represent the 
rest of the body. Ci is the rate constant of clearance from 
compartment i. Each compartment contains a bound and 
unbound drug fraction and only unbound molecules can 
migrate between compartments. b and u are respectively 
the binding and unbinding rate constants of platinum to 
proteins. Oxaliplatin was assumed to be delivered directly 
into the liver in its unbound form.
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for oxaliplatin since majority of platinum is cleared via renal 
clearance and the total amount cleared after the end of 
treatment was set to 54 % in line with the literature [28]. 
Irinotecan organ clearance was assumed to be scaled relative 
to that of the Liver compartment, this is since similar amounts 
of irinotecan are cleared via faecal clearance and biliary clear-
ance [29]. In the model of 5-fluorouracil, poor sensitivity was 
also obtained for transport parameters between Blood and 
Organs. Hence, transport rate constants were assumed to be 
proportional to compartment volumes for Blood-Liver and 
Blood-Organs transport, for each of the three drugs, thus 
neglecting organ-specific transporter expression.

Parameter likelihood profiles analysis revealed that ad-
ditional constraints were needed to ensure the identifiabil-
ity of all parameters (see Methods). Hence, information on 
renal, intestinal and hepatic clearance relative rates was 
inferred from literature as follows. For irinotecan, CPT11 
drug amount though renal clearance and though combined 
intestinal elimination and biliary clearance were respectively 
set to 25 % and 60 % of the total administered dose [29]. As 
SN38, which is the active metabolite of CPT11, renal elim-
ination was documented as negligible, the metabolite was 
considered to only be cleared through Liver, via metabolism 
into SN38G, or Organs and these cleared amounts were as-
sumed to account for 15 % of the total administered dose of 
irinotecan [29]. The amount of SN38 cleared via metabolism 
in the liver accounted for approximately 4 % of the total ad-
ministered does of irinotecan whereas SN38 excretion into 
the intestinal lumen accounted for approximately 9 % of the 

total dose of irinotecan. Therefore we have set the SN38 
clearance via Organs to be twice that of the liver clearance 
[29]. Oxaliplatin clearance was set such that 54 % of the 
total administered drug amount was cleared via the kidneys 
[28]. The amount of platinum (Pt) bound within the Organs 
or within the Liver was set to 84 % and 12 % of the total 
dose, respectively [31]. The Boughattas et al paper was used 
to give tissue concentrations, no data to our knowledge ex-
ists for humans so we have used this mouse data as a best 
approximation. The amount of platinum in the tissues was 
calculated from total amount found in the respective organs 
relative to total dose. 5-FU was shown to be mainly cleared 
through hepatic metabolism, so that the amount of drug 
cleared through the Liver was assumed to account for ap-
proximately 80 % of the total dose [30].

The final irinotecan model had six compartments as each of 
the three Liver, Blood and Organs, had two sub-compartments: 
the parent drug irinotecan, and its active metabolite SN38 
(fig. 2). Initial irinotecan administered in the liver was assumed 
to be only in the form of the parent drug. Irinotecan was con-
verted into SN38 via Michaelis Menten kinetics within the liver 
and organs, but not in the Blood since the activation enzymes 
carboxylesterases are not expressed in blood cells in humans 
[32]. The parameter estimate Km = 59.2 μM which reflects the 
affinity of the substrate and the enzyme was taken directly 
from an in vitro study in human liver cells [33], thus making 
the assumption that Km values are unchanged from in vitro to 
in vivo as classically done in the literature [34, 35]. SN38 was 
considered to only be present in its bound form since the bound 
fraction is reported to be greater than 95 % [36]. SN38 clearance 
terms accounted for SN38 elimination including its deactivation 
into SN38G though UDP‑glycosyltransferases (UGTs) [37].

The oxaliplatin PK model had six compartments corre-
sponding to bound and free (Pt) molecules in the Liver, Blood 
and other Organs. Oxaliplatin is rapidly metabolised into plat-
inum complex forms [28], which were not distinguished in the 
current data. In the absence of any data on the dynamics of 
these different metabolites, they were all assumed to have the 
same PK properties in the model. Initial oxaliplatin adminis-
tered in the liver was assumed to be free. Free Pt could bind to 
proteins and unbind from proteins, due to protein degradation 
[28], which was included in all compartments (fig. 3).

The final model for 5-fluorouracil had three compart-
ments. The drug clearance accounted for both drug elimi-
nation and drug metabolism in each compartment (fig. 4). 
Protein binding of 5-fluorouracil was neglected in the model 
because of the low protein affinity of this drug [38].

Inter-patient variability in irinotecan, oxaliplatin and 
5-fluorouracil PK parameters. Overall, each of the three drug 
models showed a very good fit to data as demonstrated by 
R2 values averaged over all patients of 0.98 for irinotecan, 
0.96 for oxaliplatin and 0.8 for 5-fluorouracil. These results 
obtained using infusion rates computed through the pump-
to-patient model were compared with simulations with infu-
sion rates equal to the profiles programmed into the pump. 
Using the pump-to-patient model allowed the improvement 
of the model fit to pooled data for each drug and the model 
fit to patient specific data for SSR values by an average of 
4.9 % for irinotecan, 43.4 % for oxaliplatin and 12.5 % for 
5-fluorouracil, thus proving the validity of our approach. 

Fig. 4. Semi-physiological model of 5-fluorouracil PK

Compartments were minimised to the most important 
components, Liver to accurately represent drug delivery, 
Blood which is measurement site and Organs to represent 
the rest of the body. Ci is the rate constant of clearance from 
compartment i. 5-fluorouracil was assumed to be delivered 
directly into the liver.
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The irinotecan model had an almost perfect fit, it matched 
the linear increase of AUC compared to dose as described in 
the FDA drug label [39], and showed a rapid accumulation of 
both irinotecan and SN38 in the plasma of patients (fig. 5). 

No obvious impact on irinotecan and SN38 plasma concen-
trations was observed regarding the time needed to fill the 
infusion tube or the 30-min glucose delivery spike, as pre-
dicted by the pump-to-patient model.

Fig. 5. Patient data best-fit of irinotecan PK model

Each subplot represents an individual patient dataset, fit to the model independently. (A) shows the fit of irinotecan plasma 
concentration, (B) shows that of SN38, the active metabolite of irinotecan.
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The fit for the oxaliplatin PK model captured all gen-
eral trends (fig. 6). The model fit for patient 7 did not fully 
captured the dynamics of total Pt plasma concentration but 
correctly simulated free Pt concentration. The model did 
predict i) a delay in plasma Pt concentrations at the start of 
the infusion due to the pump-to-patient drug transport and ii) 

a spike during the glucose flush for all patients. This drug 
spike had an effect on the time of maximum concentration 
tmax of the free Pt by shifting the time by up to 6 h. The model 
underestimated the free platinum peak concentrations after 
the glucose flush for the patients with the most significant 
rise in concentration, that are patients 2, 3 and 7.

Fig. 6. Patient data best-fit of oxaliplatin PK model
Each subplot is an individual patient data, fit to the model independently. (A) shows plasma ultrafiltrate platinum concentrations, 
and (B) shows plasma total platinum concentrations. PK data for patient 11 was missing.
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The 5-fluorouracil model showed a very good fit to data, 
despite a slight systematic under-estimation of the third data 
point in time. It predicted the glucose flush to induce a late spike 
in plasma drug concentration which could not be seen in the data 
for all patients, probably because blood sampling frequency was 
not high enough (fig. 7). This model-predicted spike in 5-fluoro-
uracil concentration changed the tmax value for patient 5, 6 and 
9. The predicted spike AUC was equal to approximately 5 % of 
the total AUC which was in agreement with the pump-to-patient 
model prediction. This was only calculable for 5-fluorouracil since 
its elimination was fast enough for its concentration to be close 
to zero by the time the glucose flush began.

The model fit to each individual patient PK data allowed 
to investigate the inter-patient variability in resulting PK 
parameters. The CV of each PK parameter was calculated 
among the patient population. Then, the mean CVs for the 
entire parameter set of each drug model were calculated as 
a single measure of inter-patient variability. Irinotecan had 
the smallest mean CV with a value of 79.18 %, and a range 
from 42.48 to 176.25 %. Oxaliplatin had the second smallest 
value of mean CV, 97.56 %, with the largest range from 38.1-
318.2 %. 5-fluorouracil had the largest mean CV at 112.10 %, 
with the smallest range from 59.4 to 187.51 %. In all three 
models the parameters which showed the largest inter-
patient variability were transport parameters specifically, for 
irinotecan Blood-Organ transport, for oxaliplatin Blood-Liver 
Transport and Blood-Liver/Organ transport for 5-fluorouracil.

For each drug model, individual patient parameter sets 
were then utilized to identify patient clusters. The numbers 

of clusters were determined by minimising the validity index 
of Fukuyama and Sugeno VFS as described in [40]. For irino-
tecan, the minimum value of VFS was achieved for four 
clusters. One cluster was composed of patients 1-3, 
5, 7-10, the other three patients were in a cluster on their 
own. The analysis for oxaliplatin concluded to two clusters, 
a cluster of only one patient, patient 7, and the rest of the 
patients being clustered together. The analysis for 5-fluoro-
uracil revealed four clusters: five patients were grouped in 
the largest cluster (patients 1-3, 7 and 10), two patients in 
the second cluster (patients 4, 5) and the final two patients 
were in clusters on their own. Only patients 1, 3 and 10 were 
consistently clustered together for all three drugs. Once 
the patient PK parameters had been clustered, the mean 
of parameter CVs was reassessed for each cluster with two 
or more patients within. Irinotecan mean CV in the largest 
cluster was 51.52 %, which represented a large decrease 
compared to the mean CV in the entire patient population 
equal to 79.18 %. Oxaliplatin main cluster which was consti-
tuted of all patient but patient 7 had a mean CV of 87.37 % 
as compared to 97.56 % for the entire population. 5-fluoro-
uracil’s largest cluster had a CV of 32.37 % and the smaller 
cluster had a CV of 72.87 %, which corresponded to a drastic 
decrease of inter-patient variability as the population mean 
CV was equal to 112.10 %. All other clusters for each drug 
had only a single patient and therefore the CV could not be 
assessed. Clustering was compared to covariates of patients, 
such as gender, age and gene polymorphism, to see if there 
was any correlation however none was found.

Fig. 7. Patient data best-fit of 5-fluorouracil PK model

Each subplot is an individual patient data fit to the model independently. PK data for patient 6 and 11 was missing.
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Discussion
Precision and personalized medicine requires accurate 

technologies for drug administration and proper systems 
pharmacology approaches for individual patient multi-
dimensional data analysis. Here, plasma PK data of the 
OPTILIV trial in which patients received irinotecan, ox-
aliplatin and 5-fluorouracil through a chronomodulated 
schedule delivered by an infusion pump into the hepatic 
artery were mathematically analysed. To allow for an ac-
curate analysis of PK patient data, a model of the pump 
drug delivery was successfully designed and connected 
to semi-mechanistic PK models. Although no data were 
available to directly validate the model-predicted drug 
infusion rates, the overall framework achieved a very 
good fit to individual time-concentration profiles which 
showed model accuracy. The validity of the approach was 
further demonstrated by the improved data fit using the 
PDE explicit solution connected to PK models compared to 
PK models directly integrating infusion profiles that were 
programmed into the pump. This study gave insights into 
inter-patient variability and paved the path to treatment 
optimization.

The simulations for the pump-to-patient model 
showed and quantified a delay between the actual start 
of the pump and the time when the drug appeared in the 
patient blood which was due to the delay needed for the 
drug solution to fill up the infusion tube and eventually 
reach the patient. A validation of this model prediction 
could be seen directly in the data as 5-fluorouracil and ox-
aliplatin plasma concentrations were close to zero for the 
first two times of measurements. The length of this delay 
depends on both the drug solution concentration and 
the volume of the infusion tube, so that its importance 
was high for oxaliplatin, intermediate for 5-fluorouracil 
and minor for irinotecan. Temporal accuracy is key for 
precision medicine especially in the context of chrono-
therapy and chronomodulated drug delivery. Thus, the 
programmation of any drug administration devices need 
to account for these delays. The pump-to-patient model 
that we present here allow to adapt any infusion schemes 
for any drug administration devices in order to properly 
administer the treatment schedules initially intended by 
the oncologists.

In addition to such “pump-to-body” delay, the increase 
in free Pt concentration near 22:00 shown in the PK data 
was explained by a spike in oxaliplatin delivery resulting 
from the glucose rinse flushing out the residual oxaliplatin 
left within the infusion tube. This phenomenon was well 
captured and quantified by oxaliplatin PK model which 
predicted that the quantity of drug delivered in the final 
spike was equal to 10.7 % of the total dose. The model 
also showed that the tmax of oxaliplatin plasma concen-
tration was shifted by several hours due to this delivery 
profile spike. In silico simulations also predicted that the 
glucose flush would alter the PK of 5-fluorouracil. The 
spike only accounted for a small amount of 5-fluorouracil 
dose of 5.36 % and may not have caused any significant 
detrimental effect. More data points covering the time of 
unexpected drug administration due to the glucose flush 
would have further validated the model which already 
achieved a very good fit to available data points. However, 

free oxaliplatin plasma concentration displayed complex 
patterns with high values at the start of the glucose flush 
for patient 1-3 and 7 which left no doubt on the large 
impact of the glucose flush on oxaliplatin administration. 
Similarly, unexpectedly high plasma concentrations of 
5-fluorouracil were observed at the start of the glucose 
flush for patient 5 and 9 which partially validated the 
model. The delivery spike due to the glucose rinse did 
not seem to have influenced the plasma concentration 
profile of irinotecan because the drug concentration in the 
solution was much lower and the flow rate programmed 
into the pump was much higher as compared to oxaliplatin 
and 5-fluorouracil administration. Indeed, the spike only 
accounted for less than 2 % of the total dose of irinotecan.

The pump-to-patient model further showed that these 
inconsistencies between the simulated and intended drug 
administration could be overcome with a simple and easily 
constructed adaptation of the infusion profiles, given the 
specific dimensions of the infusion tube. The new profile 
showed a much better match with the original intended 
administration profile.

Several published clinical studies propose mathematical 
models of the PK of 5-fluorouracil, oxaliplatin or irinotecan 
with various levels of complexity. First, a physiologically-
based PK model of capecitabine, a pro-drug of 5-fluorouracil, 
was designed for humans [35]. However, the data available 
in the OPTILIV study would not allow for estimating pa-
rameters of such a detailed model. Next, numerous clinical 
studies have performed compartment analysis of plasma PK 
data from cancer patients receiving either 5-fluorouracil, 
oxaliplatin or irinotecan [41]. These models were designed 
for intravenous injection and could not be readily used for 
intra-arterial hepatic administration. Thus, the develop-
ment of new semi-physiological PK models was necessary 
to include the drug delivery site as a separate compartment, 
that was different from the Blood compartment for which 
data was provided. Furthermore, the intention was also 
to develop more physiologically-relevant models in view 
of future account of circadian rhythms and chronotherapy 
optimization investigations. Indeed, the developed models 
are called semi-physiological as the compartment volumes 
together with relative fractions of clearance routes were 
inferred from literature. The quantity of data available for 
this study limited the models to being semi-physiological in 
nature. However, these models could be further extended 
to physiologically-based models, with increased data sets, 
by detailing the “Organ” compartment and being connected 
to mechanistic PD models to represent organ-specific drug 
PK-PD. Furthermore, the current models do not account for 
any circadian rhythms although they may largely impact on 
drug PK-PD. Thus, new circadian clinical studies are needed 
to improve the models towards drug chrono-administration 
optimization.

Inter-patient differences in maximum plasma drug 
concentrations and in the time at which it occurred led 
us to further investigate variability in between subjects. 
Irinotecan showed the lowest mean variability. Clustering 
analysis indicated that patients could be classified into 
five clusters with respect to irinotecan PK parameters. 
The second largest inter-patient variability was found 
for 5-fluorouracil. Clustering for 5-fluorouracil showed 
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there was four clusters. Regarding oxaliplatin, there 
was the largest variability between patients PK model 
parameters with all parameters showing high variance. 
Clustering according to oxaliplatin PK parameters split 
patients into two clusters leading to isolate patient 7. 
This clustering of the patients led to a reduced inter-
patient variability for all drugs, especially for irinotecan 
and 5-fluorouracil . This decrease in CVs is not unex-
pected, but the significant level of reduction means this 
method could be used as a way to stratify patients into 
treatment groups with less inter-patient variability in PK 
profiles. The measure of inter-patient variability could be 
interpreted as indicators of the need for personalisation 
as high differences between subjects implies high poten-
tial benefit of drug administration personalisation. Here, 
we demonstrated that the PK of all three considered 
drugs displayed important inter-subject variability. The 
remaining clinical challenge lays in determining clinical 
biomarkers for stratifying patients before drug adminis-
tration, in order to reach the intended plasma PK levels. 
In order to do so, patient clusters were compared to 
known covariates such as age, gender and gene polymor-
phisms. However, none showed significant correlation. 
We then performed modelling analyses and identified 
the critical PK parameters for irinotecan, 5-fluorouracil 
and oxaliplatin which were the transport parameters 
between the Blood and either the Liver or the Organs 
compartments.

Conclusion
In conclusion, a mathematical framework was designed 

to allow for accurate analysis of patient PK data. A model 
of the dynamics of the drug solution from the pump to 
the patient’s blood was designed, irrespective of the drug 
delivery device. It was used to represent the chronomod-
ulated drug administration though the Mélodie infusion 
pump into the patient hepatic artery of irinotecan, oxal-
iplatin and 5-fluorouracil. The model revealed significant 
inconsistencies between the drug profiles programmed 
into the pump which corresponded to the drug exposure 
intended by clinicians and the actual plasma PK levels. 
Importantly, it allowed for the design of innovative drug 
in-fusion profiles to be programmed into the pump to pre-
cisely achieve the desired drug delivery into the patient’s 
blood. Next, the pump-to-patient model was connected to 
semi-physiological models of the PK of irinotecan, oxal-
iplatin and 5-fluorouracil. The overall framework achieved 
a very good fit to data and gave insights into inter-patient 
variability in the PK of each drug. Potential clinical bio-
markers for treatment personalisation were suggested al-
though further investigations in larger cohorts of patients 
are required. Overall, this complete framework informs on 
drug delivery dynamics and patient-specific PK of irino-
tecan, oxaliplatin and 5-fluorouracil towards precise and 
personalized administration of these drugs.

Methods
Ethics statement

The PK data used in this investigation came from Lévi et 
al PK investigation [20] and the comparison study companion 

study of the European OPTILIV trial (ClinicalTrials.gov study 
ID NCT00852228), which involved nine centres in four coun-
tries [42]. The data has been analysed anonymously.

OPTILIV clinical datasets
The OPTILIV trial included 11 colorectal cancer patients 

with liver metastases (7 men and 4 women with median age 
of 60). The combination of irinotecan, oxaliplatin and 5-fluo-
rouracil was delivered to patients by Hepatic Artery Infusion 
(HAI) using the Mélodie pump [20]. The patients received an 
intravenous administration of cetuximab 500 mg/m2 over 
2 h 30 min on the morning of day 1 which was not modelled. 
From day 2, chronomodulated HAI of irinotecan (180 mg/m2), 
oxaliplatin (85 mg/m2) and 5-fluorouracil (2800 mg/m2) were 
given (fig. 8). Irinotecan was delivered as a 6-h sinusoidal 
infusion starting at 02:00, with a peak at 05:00 on day 2. 
Oxaliplatin was administered as an 11 h 30 min sinusoi-
dal infusion beginning at 10:15 with a peak at 16:00 on 
days 2-4. 5-fluorouracil was also delivered as an 11 h 30 min 
sinusoidal infusion beginning at 22:15 with peak delivery 
at 04:00 at night, on days 3-5. The superiority of this drug 
scheduling compared to non-circadian based administration 
was demonstrated for intravenous administration within 
several international clinical trials [37]. Between each drug 
infusion, there was a glucose serum flush which cleared the 
tubing. This was a 30-min sinusoidal infusion beginning at 
09:45, and then again at 21:45 i. e. at the end of each infusion 
(fig. 8).

Plasma PK data was gathered after the first dose of irino-
tecan, oxaliplatin and 5-fluorouracil and measured longitu-
dinally for each individual patient. Plasma concentrations of 
irinotecan and its active metabolite SN38 were determined, 
using high performance liquid chromotagraphy (HPLC), at the 
start of infusion, then at 2-4, 6, 8 h 15 min and 31 h 45 min 
post HAI onset, for a total of seven time points, including 
baseline. Oxaliplatin concentrations were determined by 
measuring platinum plasma levels using spectrophotome-
try, for both unbound and total platinum levels. Oxaliplatin 
binds to proteins in the blood and the free Pt fraction is the 
biologically active one. Thus, oxaliplatin concentrations 
were determined at the start time of infusion, then at 3, 6, 
9 h, 11 h 30 min and 17 h 15 min post HAI onset, for a total 
of six time points, including baseline. Plasma concentrations 
of 5-fluorouracil were determined using HPLC, at the start 
of infusion, then at approximately 3 h, 5 h 45 min, 9 h and 
11 h 30 min post HAI, for a total of five time points, including 
baseline. The exact method used to assess plasma concen-
trations can be seen in Levi et al paper of the OPTILIV study 
[20].

Pump description
The Mélodie pump system weighs 500 g when empty 

(excluding drug reservoirs and batteries) and measures 
160×98×34 mm. The pump consists of four channels which 
correspond to the four reservoirs that are connected to 
the pump. Each reservoir can have a maximum volume of 
2 L. The four channels are controlled by four independent 
mechanisms which control the delivery to the infusion 
tube. For the OPTILIV study, the infusion tube comprised 
of two sections, the first was 135 mm long with a diameter 
of 2.5 mm, and the second section was 1500 mm long with 
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a diameter of 1 mm. The two sections had a total volume 
of 1.84 ml. The four pump reservoirs were loaded with irino-
tecan, oxaliplatin, 5-fluorouracil and 5 % glucose solution 
respectively, with the latter one being used for washes in 
between drug infusions [43].

Mathematical modelling
A pump-to-patient mathematical model was designed as 

follows, irrespective of the drug delivery device. The drug 
solutions dynamics from the pump to the patient’s blood was 
modelled using a Partial Differential Equation (PDE) consid-
ering time and 1 spatial dimension. This method was chosen 
as PDEs can take into account both time and space which 
was key for modelling systems such as pump delivery. 
The PDE was solved using a backward finite difference 

method writ ten by the authors within Python  3.5.2 
(www.python.org). The drug PK models were based on Ordi-
nary Differential Equations (ODEs) programmed using Python 
3.5.2 and solved using the odeint function from the scipy 
library version 1.1.0 [44].

PK model parameter estimation involved a weighted 
least square approach, with conditions also placed on the 
drug clearance routes. For the fit of the data of a given 
patient, the residuals were weighted by a estimated mea-
surement error of 10 % inline with precision values of the 
assay methods [45-47]. This method allowed to correct the 
residuals to be of the same order of magnitude for the parent 
drug CPT11 and the metabolite SN38, or for oxaliplatin free 
and bound concentrations. The minimization of the least 
square cost function was performed by the Covariance Matrix 

Fig. 8
(A) Delivery profiles of irinotecan, oxaliplatin, 5-fluorouracil and glucose flushes as administered in the OPTILIV clinical trial. (B) 
Schematic of the Mélodie infusion pump (Axoncable, Montmirail, France) used in the OPTILIV study for hepatic artery infusion [20].
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adaptation Evolution Strategy (CMAES) within Python which 
has been shown to be successful at handling complex 
cost function landscapes [48]. Model goodness of fit was 
assessed using the sum of squared residuals (SSR) and 
R2 values. PK model parameter numerical identifiability 
given the available data was investigated in a two-step 
process as follows. First, parameter sensitivity regarding 
the least-square cost function was computed via a global 
Sobol sensitivity analysis as a necessary condition for 
identifiability [49]. This method assesses the relative 
contributions of each parameter to the variance in the 
cost function obtained when parameter values are varied, 
and thus allows for the identification of parameters which 
have no effect on the cost function and are therefore not 
identifiable from the available dataset. This step allowed 
a first reduction of the PK models. Next, likelihood pro-
files of parameters of the reduced models were derived 
following the procedure outlined in [50]. Additional bi-
ological constraints derived from literature were added 
to ensure numerical identifiability of all parameters. 
This two-step model design process was undertaken as 
computing likelihood profiles is associated with a high 
computational cost.

PK models were fit to pooled data first to get an indi-
cation of general model fit then to single-patient plasma 
PK datasets independently to obtain patient-specific pa-
rameter values. Data was available for 10 to 11 patients 
which was too few to undertake mixed-effect population 
analysis and to reliably estimate the parameters variance 
within a patient population [51, 52]. Sampling points at 6 h 
post injection for irinotecan and 11 h 30 min post injection 
for oxaliplatin and 5-fluorouracil theoretically occurred 
at the same time as the start of the 30 min glucose flush, 
that is 9:45 for irinotecan and 5-fluorouracil, and 21:45 for 
oxaliplatin. As described in the results section, the flush 
was equivalent to the administration of the drug quantity 
remaining within the tube and logically influenced plasma 
drug concentrations. However, the exact time of patient 
blood collection was not reported and could vary by 10 to 
15 minutes due to clinical constraints. Hence, the infor-
mation of whether the blood sample was taken before or 
during the flush was not available. Thus, the collection time 
of the data points at theoretically 21:45 for oxaliplatin, 9:45 
for irinotecan and 9:45 for 5-fluorouracil were unchanged 
if the drug concentration at the preceding data point was 
greater than the current one, indicating the flush might not 
have occurred yet. If not, the collection time was modified 
and set equal to the glucose peak time, which is 15 min 
after its start time i. e. 22:00 for oxaliplatin and 10:00 for 
irinotecan and 5-fluorouracil, such value leading to the 
best model fit. Overall, the collection time was changed 
compared to the theoretical one for patients 1-3 and 7 
for oxaliplatin, for patient 5 for 5-fluorouracil, and for no 
patients for irinotecan.

Inter-patient variability and patient clustering based  
on PK parameters

Given the relatively small number of patients, the inter-
patient variability in parameter values was assessed using 
a nearly unbiased estimator of coefficient of variation (CV),

 ,

where μ is the parameter mean, σ the parameter sample 
standard deviation and n is the number of patients.

Next, fuzzy c-means clustering was used to define patient 
clusters based on individual PK parameters, for each drug sep-
arately. The fuzzy c-means clustering was done using a python 
library sckit-fuzzy version 0.2 (http://pythonhosted.org/scikit-
fuzzy). The method is based on the determination of cluster 
centroids and classification of patient parameter vectors into 
the clusters such that the following quantity is minimised:

where n is the number of patients, c is the number of 
clusters, xi is the parameter vector of patient i, cj is the cen-
troid of cluster j. wij is the probability of patient i belonging 
to cluster j and can be expressed as:

Note that, for a given patient i, the following holds:

 
.

The validity function proposed by Fukuyama and Sugeno 
was used to determine the number of clusters for each drug. 
The function is defined as:

wherè с is the average of the centroids. The number of 
clusters were chosen between 2 and n‑1 inclusively such 
that the VFS was minimised. Plotting the clustering results 
was done using a multidimensional scaling (MDS) algorithm 
which projects multidimensional data onto a 2D plane while 
keeping distance metric scaled relatively to original data 
(Python library sklearn.manifold [53]). Correlation coeffi-
cients between original Euclidean distance and 2D-Euclidean 
distance were calculated were high for all models (>0.98) 
which showed that the MDS projections were accurate [54].


