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ABSTRACT
Purpose A strong pharmacokinetic rational exists for the use of
(Hyperthermic) Intraperitoneal Perioperative Chemotherapy in
peritoneal carcinomatosis. However, controversy remains re-
garding the optimal treatment strategies. Paclitaxel is believed to
be a good compound for IPEC treatment because of its
favourable pharmacokinetic properties.
Methods Rat experiments were set up to gain insight in PTX’s
pharmacokinetics and pharmacodynamics after IPEC treatment
with Taxol®. Afterwards a Pharmacokinetic—Pharmacodynamic
model was developed, that concurrently describes plasma and
tumour exposure post IPEC dosing. Moreover, the developed
model adequately describes the time-course of tumour apoptosis
as well as the treatment effect on tumour volume.
Results We show that the complex absorption processes under-
lying PTX absorption from the peritoneal cavity post IPEC dosing,
give rise to a markedly non-linear dose response relationship.
Furthermore, we show that, in order to optimize treatment
efficiency whilst concurrently minimizing the possibility of systemic
toxicities, lowering the dose and extending exposure to the
cytotoxic solution is the way forward.
Conclusions Based on the close resemblance between tumour
exposure in our animal model and tumour exposure in patients
treated under similar conditions, we hypothesise that, according
to our findings in the rat, in the treatment of PC using IPEC
administration of PTX, less is truly more.
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ABBREVIATIONS
(H)IPEC (Hyperthermic) intraperitoneal perioperative

chemotherapy
GOF Goodness-of-fit
MTT Mean transit time
PC Peritoneal carcinomatosis
PTX Paclitaxel

INTRODUCTION

Since its first description in 1980 by Spratt et al. (1), hyper-
thermic intraperitoneal perioperative chemotherapy (HIPEC)
has gained interest as an alternative treatment option to
systemically administered chemotherapy for the treatment of
peritoneal carcinomatosis (PC). During hyper-/normother-
mic IPEC, a solution containing a cytotoxic agent is instilled
into the peritoneal cavity for 30–120 min (2). During the
treatment, an external heater circulator is used to maintain
the temperature of the solution at mild hyperthermic (41–
43°C) or normothermic (37°C) conditions.

During surgery, the abdominal muscle wall is expanded using
traction sutures on the skin, thereby elevating the skin’s edge,
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creating a pouch to contain the cytotoxic solution. This tech-
nique, known as the “open” technique, which allows the surgeon
to manipulate the abdominal contents during the procedure,
thereby homogeneously distributing the cytotoxic solution
throughout the patient’s abdomen, is usually preferred. After
30–120 min, the remaining solution is removed from the perito-
neal cavity and the patient’s abdominal wall is sutured.

In the treatment of cancers confined to the peritoneal
cavity (e.g., PC), Dedrick et al. (3) hypothesized that this type
of regional treatment could increase treatment efficiency by
exposing tumours within the peritoneal cavity to higher drug
concentrations. Furthermore, the peritoneal-plasma barrier is
thought to limit/slow drug clearance from the peritoneal
cavity to the systemic circulation, thereby minimizing systemic
exposure and systemic adverse effects.

Although IPEC as a tool for regional drug delivery has a
strong pharmacokinetic rationale, controversy remains re-
garding the optimal treatment strategies that will optimize
efficacy whilst minimizing systemic exposure (4). Besides the
ongoing debate on the additional benefit of hyperthermia in
IPEC, questions regarding the dose to be administered, the
duration of the perfusion or the optimal carrier solution to be
used hamper the routine implementation of IPEC (5).

Paclitaxel (PTX) is believed to be a good compound for
IPEC treatment because of its favourable pharmacokinetic
properties. Its high molecular weight is hypothesized to slow
down clearance from the peritoneal cavity (4) into the blood-
stream, thereby maximizing contact time with the peritoneal
tumours. Furthermore, its high systemic clearance, as well as
its pronounced first-pass effect are believed to limit systemic
exposure after IPEC treatment. Although these pharmacoki-
netic advantages favour the use of PTX in IPEC, the limited
knowledge on the degree of tumour penetration and accumu-
lation along with the aforementioned issues regarding IPEC
administration, currently limit its use in clinical centres.

This study was set up to gain insight in PTX’s pharmacoki-
netics (PK) and pharmacodynamics (PD) after IPEC treatment
using Taxol® in a rat model for PC. Concurrently, we investi-
gated the influence of the treatment modalities (i.e. the effect of
dose and duration of perfusion) on treatment outcome. In addi-
tion, the degree of PTX penetration in tumour tissue was quan-
titatively determined and linked to observed pharmacological
effects after IPEC treatment in an in-vivo rat model for PC.

MATERIALS AND METHODS

Experimental Procedures

Materials

Taxol® (6 mg/ml PTX in a 1:1 Cremophor®EL/ethanol
mixture) from Bristol-Myers Squibb (Brussels, Belgium) was

weighted and dissolved in 125 mL of a 0.9% NaCl solution to
obtain the solutions (0.24 mg/mL or 0.024 mg/mL) for IPEC
treatment. These concentrations were chosen based on previ-
ous (unpublished) work that determined 0.24 mg/mL as the
maximum tolerable dose following IPEC administration for
45 min.

Rat Tumour Model

A human ovarian carcinoma cell line (SKOV-3, obtained
from the American Type Culture Collection) was cultured at
37°C in a 5% CO2-containing humidified atmosphere.
SKOV-3 cells were cultured in McCoys medium
(Invitrogen, Merelbeke, Belgium), which was supplemented
with 10% fetal bovine serum, penicillin, streptomycin
(Invitrogen, Merelbeke, Belgium) and fungizone (Bristol
Myers Squibb, Brussels, Belgium).

Adult female athymic nude rats (Harlan, Horst, The
Netherlands) were kept in standard housing conditions with
water and food ad libitum and a 12 h light/dark circle. All
animal experiments were approved by the local ethics
committee.

Donor rats were injected with 30×106 SKOV-3 cells in a
volume of 0.2 ml between the peritoneum and the abdominal
muscle to induce tumour formation. The animals received a
daily subcutaneous administration of 3 mg cyclosporine
from 3 days prior until 10 days after injection of the
SKOV-3 cells. After 3 to 4 weeks, tumours had sufficient-
ly grown to transplant tumour samples (5×5 mm, with a
thickness of 3 mm) on the parietal peritoneum of another
acceptor rat. The acceptor rat was dosed with cyclospor-
ine in the same way as the donor rat. Approximately
3 weeks after transplantation, tumours had grown suffi-
ciently to perform IPEC.

IPEC Procedure

After anesthetizing each rat with 3% isoflurane (Forene®,
Abbott, Waver, Belgium), a vertical incision in the abdominal
wall muscle was made along the midline. The abdominal wall
muscle was attached to a metal ring which was placed a few
centimeters above the incision. The inlet and outlet tubing
(Pumpsil®, Watson-Marlow, Zwijnaarde, Belgium) was
placed in the peritoneal cavity for perfusion with the cytostatic
solution. A roller pump (Watson-Marlow, Zwijnaarde,
Belgium) circulated the cytostatic solution through a heat
exchanger set at 37°C. During perfusion, the perfusate
solution and body temperature of the rat were closely
monitored. When the perfusion was finished, the peri-
toneal cavity was flushed with 0.9% NaCl solution and
the abdominal wall was sutured.
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Tumour Collection

Tumours were excised at different time points (5, 15, 30, 45,
60, 90, 120, 240 and 480 min) after starting IPEC treatment.
After excision of the tumour, rats were euthanized. A cross-
section of the tumour was cut out, perpendicular to the peri-
toneal membrane, to obtain a cylinder-shaped tumour sample
(±10 mm of diameter) (Fig. 1). This cylinder was split in half.
After further sub-sectioning, one half was frozen at −20°C for
PTX concentration determinations whilst the other half was
formalin-fixed and paraffin-embedded for caspase-9 staining.

Collection of Plasma and Perfusate Samples

Blood was sampled in heparin-containing tubes via a catheter
that was placed in the arteria carotis or arteria femoralis.
Blood samples were taken between 5 min and 8 h after
starting the perfusion. Blood samples were immediately cen-
trifuged at 2000 g at room temperature, and separated plasma
was stored at −80°C until analysis.

During a pilot study, samples were collected from the
perfusion solution used during the IPEC administration.

Samples were collected at the start of the IPEC procedure
and 15, 30 and 45 min thereafter.

Plasma and perfusate samples were analysed as described
previously (6).

Tumour Tissue Concentration Measurements

After rinsing and weighing of the tumour section, a tumour
tissue aliquot, weighing exactly 25mg, was suspended in water
and mechanically disrupted. Subsequently, internal standard
(13C-paclitaxel) was added. Tumour tissue was then enzymat-
ically digested using a proteinase-K and a lipase solution (both
Sigma-Aldrich, Belgium). Tissue suspensions were left to in-
cubate overnight at 55°C whilst continuously being shaken.

After centrifugation of the digested tissue suspension at
10,000 g for 20 min, supernatant was collected and subjected
to solid phase extraction. In short, after loading of the sample,
the SPE cartridges (Oasis® HLC cartridges, Waters, USA)
were washed with a sodium hydroxide (pH 10.0) solution and
eluted using a 70% (v/v) methanol solution in water.
Following elution, samples were concentrated by evaporation
of methanol under a mild nitrogen stream (30 min, 35°C).

Fig. 1 Tumour harvesting
protocol.
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Finally, after reconstitution, samples were injected onto the
Waters Acquity UPLC system (BEH C18 column). Paclitaxel
and 13C-paclitaxel were detected with a Quattro Ultima triple
quadrupole system (Micromass Waters, Manchester, UK).
The measurement range of the analytical method was
0.035–8.3 μg/g. Total imprecision and bias were calculated
based on results of repeated analysis of quality controls (QC)
and analysis values were reported only if quantification of the
QC samples complied with the FDA guidance specifications
on maximum tolerable bias and imprecision (7) (trueness
<15% and total imprecision <15%) (Analytical paper submit-
ted to Talanta).

Apoptosis Measurements

After sample preparation, using xylene and ethanol, to re-
move a.o. the paraffin layer, tumour sections, 5 μm thick,
were obtained through a rotary microtome (HM® 360,
Microm, Walldorf, Germany). After washing in physiological-
ly buffered saline (PBS), heat-induced antigen retrieval was
performed for 30 min in a citrate buffer (pH 6.0), after which
the tissue slices were cooled down for 15 min at room tem-
perature. The endogenous peroxidase activity was blocked for
15 min with a 0.3% hydrogen peroxide solution (DAKO,
Glostrup, Denmark). After the washing steps, each section
was treated with a blocking solution (Tris-Buffered saline
0.1%) for 1 h at room temperature. Primary antibody
Cleaved caspase-9 (Cell signaling Technology, Leiden, The
Netherlands, 1/400 in PBST 5%) was incubated overnight at
4°C. After washing, the tissue sections were incubated for
30 min at room temperature with a labelled polymer horse-
radish peroxidase anti-rabbit secondary antibody (DAKO). A
colour was developed using the chromogen 3,3-diaminoben-
zidine+ (DAB) for 10 min. After washing, the tissue sections
were counterstained with Mayer’s haematoxylin for 2 min.

The number of apoptotic cell fragments present in each
tissue section was expressed as a fraction of the total number of
cells. The apoptotic index was determined with an Optronics
Color digital camera (Olympus Corporation, Tokyo, Japan)
and specialized software (Cell D Olympus Imaging Solutions,
Münster, Germany). Ten regions of interest (ROI) were cho-
sen at random at a magnification of 200×. The final apoptotic
index used in the data-analysis was the geometric mean of
these 10ROI. Highly necrotic regions were excluded from the
analysis.

Tumour Volume Measurements

Tumour growth was evaluated via a Siemens® Trio 3 T
clinical MRI scanner (Erlangen, Germany). Prior to the
MRI scan, rats were anaesthetized with Rompun 2%
(Bayer, Diegem, Belgium) and ketamine (Ceva, Amersham,
UK) using a dose of 10 mg/kg and 90 mg/kg, respectively.

The rats were placed prone in a (wrist) coil to measure the
tumour volume. A T1-weighted 3D FLASH sequence was
applied with a flip angle of 10°, a repetition time of 13 ms and
an echo time of 4.9 ms to obtain a voxel size of 0.19×0.19×
0.4 mm3. Tumour volume was defined by creating a volume
of interest (VOI) consisting of a stack of planar regions of
interest (ROI) using PMOD software (PMOD Technologies,
Adliswil, Switzerland). Rats were scanned 1 day prior to IPEC
treatment to measure the initial volume of the tumour.
Subsequently, tumour volume was evaluated 7 and 14 days
after IPEC treatment.

Available Data

The final dataset consists of data collected throughout differ-
ent study periods (no previously published data were used). In
one of the studies, 3 rats were used to evaluate the PK
behaviour of PTX in absence of other Taxol® excipients.
Therefore, in these rats, 105 μg of PTX was administered
intravenously by fortifying 1 mL of blood, previously drawn
from the animal, with appropriate amounts of a 10 mg/mL
solution of PTX in ethanol and re-instilling this blood intra-
venously to the animal as a bolus. This particular way of
administering PTX (in rat blood) was used to overcome
solubility issues in aqueous solutions. All other animals were
treated with IPEC using Taxol®. In one study, the Taxol®
excipients only (without PTX) were administered via IPEC to
2 rats to control for any pharmacological effects induced by
the excipients. Furthermore, 8 rats received a 0.024 mg/mL
PTX IPEC treatment, whereas the majority of the rats (n=71)
received a 0.24 mg/mL IPEC treatment. The majority of the
rats treated with IPEC were treated for 45 min (n=67).
However, to study the effect of treatment duration, 4, 7 and
3 rats were treated for 5 min, 15 min and 30min, respectively.

An overview of all collected data is given in Table 1 of the
Supplementary material section.

PKPD Modelling

During model building, a sequential approach was adopted
where PD data were added after optimization of the structural
PK model. Data fitting was performed using the FOCE
algorithm with interaction in NONMEM® (Version 7.2;
Icon Development Solutions, Ellicott City, MD, USA). Prior
to inclusion into the dataset, concentration measurements
were log-transformed, whereas apoptosis measurements and
tumour volume measurements were handled on the non-
transformed scale. Inter-individual variabilities in PK param-
eters were modelled on the exponential scale whereas residual
variability in the PK and PD data was modelled with, respec-
tively, additive or proportional error structures. During model
building PsN (8) and Pirana (9) were used as back- and/or
front-end to NONMEM®. Graphical output from the model
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as well as goodness-of-fit (GOF) plots that were used to guide
model building were generated using Xpose (10).

Simulations

Simulations based on the final parameter estimates obtained
from the PKPD model were performed in R®(R Foundation
for Statistical Computing, Vienna, Austria) using user-written
scripts based on a.o. the R-library deSolve (11). Throughout
the simulation study, the effect of treatment was visualized for
a tumour with a radius of 4 mm. Simulated endpoints include
tumour PK and tumour apoptosis at 2 mm from the tumour
surface and tumour growth curves after IPEC treatment.
Furthermore, the R®-library PK (12) was used to calculate
the area-under-the-curve (AUC) for the different simulated
dosing schemes.

RESULTS

Exploratory Data Analysis of Tumour Tissue
Concentrations

Prior to simultaneously modelling the PK of PTX in plasma
and tumour after IPEC administration, we explored the PTX
tumour concentration profiles separately. When plotting the
ln-transformed PTX tumour concentrations as a function of
depth from the tumour’s dorsal surface, we noted a high
degree of symmetry in the PTX concentrations on both sides
of the tumour’s centre. Therefore, in an attempt to evaluate
whether differences exist in PTX penetration between the
ventral or dorsal side of the tumour, we separated measure-
ments based on their orientation relative to the tumour’s
centre prior to performing a simple linear regression analysis
on both data sets.

Linear regression analysis, treating PTX concentration as
the dependent and depth from tumour surface as the inde-
pendent variable was performed using PROC REG in SAS®
(SAS Institute Inc., Cary, NC, USA). When considering the
standard errors associated with the estimated parameters, we
found that neither the intercepts, nor the estimated slopes
differed significantly. A GOF plot for the regression analysis
is depicted in Fig. 2. This figure clearly shows that PTX
penetrates the tumour equally efficient from both sides.
Therefore, we decided, in the remainder of our PKPD anal-
ysis, to assume complete symmetry in PTX penetration in the
tumour, irrespective of side.

Structural Pharmacokinetic Model

The pharmacokinetic model for PTX after IPEC is shown in
Fig. 3; final parameter estimates are provided in Table I. The

system of differential equations that describe PTX disposition
after IPEC is provided in the “Supplementary material”.

PTX disposition after intravenous administration was best
described by a 2-compartment model with first-order elimi-
nation from the central compartment (compartment 3 in
Fig. 3). After fitting the 2-compartment model to the i.v. data
alone, we decided, in order to increase model stability, to fix
the parameters (Q, V4) describing the peripheral distribution
of PTX to their estimated values. It is worth noting that
parameter estimates derived from our model are significantly
higher than those reported by Jiko et al. (13) and Choi et al.
(14). For example, we estimated plasma clearance to be 935
(±196) mL/h as compared to 323mL/h and 321mL/h found
by Jiko et al. (13) and Choit et al. (14), respectively. Similar
differences are noted for the other parameters (V3, V4, Q).
However, this discrepancy is most probably explained by the
fact that the excipients in Taxol® influence the PK of PTX
after i.v. administration (15) and that in this part of our study,
as opposed to Jiko et al. and Choi et al., PTX was administered
in its pure form (as described in the “Materials and Methods”
section) rather than as Taxol® formulation.

Additional modifications to the i.v. model were made to
account for the PK behaviour of PTX post IPEC administra-
tion. The structure of the model, with a parallel absorption
into the plasma-, the tumour- as well as the depot compart-
ment provides an adequate fit of the complex absorption
pattern that is observed (GOF plots for individual predictions
for both administered IPEC doses as well as the i.v. bolus dose
are depicted in Fig. 4). The absorption from the peritoneal
cavity (depicted by the dose compartment in Fig. 3) into the
plasma compartment (Zero13) is characterized by a zero-order
process, inducing a rapid rise in plasma PTX concentrations
after start of the IPEC administration. Simultaneously, a first-
order, concentration-dependent absorption into plasma,
through the depot compartment (characterized by rate con-
stants k12 and k23), further increases the uptake of PTX into
plasma during IPEC administration. At the end of the proce-
dure, when the peritoneal cavity is flushed and the rat’s
abdominal wall is sutured, this absorption route, from the
depot compartment into plasma, adequately predicts the slow
decrease or increase in plasma PTX concentrations post IPEC
administration for the 0.024 and the 0.24 mg/mL perfusion
concentrations respectively (Figure 1 in Supplementary mate-
rials). This depot compartment is thought to represent the
lymphatic system draining the abdominal cavity, where PTX
has specifically accumulated, e.g. in fat. As postulated by Lu
et al. (16), absorption into the lymphatic system is one of the
major processes responsible for clearing highly lipophilic com-
pounds from the peritoneal cavity.

The absorption of PTX into the tumour was best charac-
terized by a zero-order absorption process (Zero15). Attempts
to model tumour absorption using first-order processes or
more complex non-linear absorption models consistently

2880 Colin et al.



resulted in higher objective function values and worse GOF
plots. This result is in agreement with earlier reports of satu-
rable drug uptake by monolayer cultures of human cancer
cells (17). A consequence of this saturable tumour absorption
is that when administering PTX in high perfusate concentra-
tions, several fold higher than the maximum uptake capacity
of the tumour, changes in the perfusate concentrations will
have little or no effect on the achieved tumour concentrations.
This phenomenon is clearly illustrated in the GOF plot
(Fig. 4), where for both administered IPEC doses, similar
tumour concentrations were observed.

Despite the prolonged absorption from the peritoneal cav-
ity into plasma, even after cessation of IPEC administration,
during model building it became clear that absorption into the
tumour continued only until IPEC administration was
stopped. Furthermore, addition of an absorption process de-
scribing PTX absorption from plasma into tumour did not
improve our model’s performance. This is in line with earlier
work by Lu et al. (18), who describes that following i.p. admin-
istration, plasma-to-tumour absorption is only a minor route
of drug delivery to the tumour due to the relatively low drug
concentration in blood.

Fig. 2 Goodness-of-fit plot for the
linear regression analysis of PTX
tumour concentrations. Open circles
represent measured PTX tumour
concentrations. The solid lines along
with the dashed lines represent
model predicted mean
concentrations and the 95%
confidence interval for the mean
predicted tumour concentrations.

Fig. 3 Overview of the structure
of the final PK-PD model. The black
arrow indicates the dosing
compartment. Observations were
recorded in compartments 1, 3, 5,
9 and 10.
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Duringmodel building it was decided to fix tumour volume
(V5) to 25 mg, the weight of the tumour sections that were
used to quantify PTX tumour tissue concentrations. Fixing
the tumour volume (V5) provided the additional benefit of
reducing the observed correlation between different parame-
ters associated with the tumour compartment (CLTumour,
slope, V5), thereby providing stability to the model. Based
on the model-estimated parameters, the half-life for PTX
clearance from the tumour tissue was estimated to be approx-
imately 2.5 h. This finding is different from the tumour tissue
half-life of PTX as estimated from data reported byDesai et al.
(19) (approximately 9 h). This difference is most likely

explained by the fact that Desai et al. (19) determined PTX
concentrations in tumour homogenates, whereas we took the
spatial distribution of PTX within solid tumours into account.
Finally, from our model based slope estimate (−0.505±
0.071), we calculated that the “half-width” for PTX penetra-
tion is approximately 1.37 mm, i.e. PTX tumour concentra-
tions reduce by half every 1.37 mm.

PKPD Model

As a starting point to link tumour concentrations to the
observed apoptosis measurements, we used an adaptation of
the transduction model as described by Gabrielsson and
Weiner (20). Owing to the specific nature of the collected
data, the typical system of differential equations used to de-
scribe the apoptosis as a function of time was modified to
account for the depth at which the apoptosis measurements
were performed (Details are provided in the “Supplementary
material”).

Using this transduction model, we estimated a.o. the time
delay, expressed as mean transit time (MTT) between PTX
binding to its intracellular receptor and the onset of the
apoptosis to be 0.84 (±0.16) hours. Furthermore, our model
estimates that the maximum apoptosis occurs approximately
14 h post IPEC treatment (Figure 2 in Supplementary mate-
rial). By using this model, we assume that, within the tumours,
a homeostasis exists between the onset (kin) and the disappear-
ance (koe) of apoptotic signals. In the absence of PTX, our
model estimates that this homeostasis leads to a baseline
apoptotic signal of 1.27 (±0.06) %. When PTX is present
within tumours, it will stimulate the onset (kin) of apoptotic
signals, giving rise to an increase in observed apoptosis. PTX-
induced changes in kin were assumed to be additive and the
concentration-effect relationship was modelled using an Emax

model. From Table I it is noted that the EC50, i.e. the tumour
concentration at which half of the maximum effect is
achieved, is 0.081 (±0.040) μg/g and that the maximum effect
is 19.8 (±2.8), the latter amounting to an approximate 20-fold
increase in kin.

Finally, in an attempt to integrate information on tumour
growth with the potential tumour growth inhibition of PTX,
we explored the PDPD link suggested by Ait-Oudhia et al.
(21). In their model describing a.o. PTX PKPD after i.v.
administration of Taxol®, they assumed that the cytotoxicity
induced by PTX is related to the kinetics and magnitude of
the predicted apoptotic response. Based on this idea, we
developed the final part of our model, assuming that tumour
growth is governed by a balance between cell maturation/
proliferation (kg) on the one hand and cell death (ke) on the
other. In addition, it was assumed that by inducing apoptosis,
cell death is stimulated. To produce predictions of tumour
growth delay, we arbitrarily used predicted PTX-induced
apoptosis at a depth half the size of the tumour radius as a

Table I Final Model Parameters as Well as Model Predicted Relative Stan-
dard Errors (RSE). The Parameter Estimates where the RSE is Missing are
Parameters that were Fixed, i.e. these were not Estimated in the Final PKPD
Model

Parameter Estimate RSE (%)

PK model

K12 0.393 h−1 33.0

K23 0.032 h−1 35.0

Zero13 180 μg×h−1 27.0

V3 2040 mL 26.0

CLPlasma 935 mL×h−1 21.0

V4 2150 mL –

Q 1250 mL×h−1 –

Zero15 0.337 μg×h−1 21.0

V5 0.025 g –

CLTumor 0.0070 g×h−1 29.0

Slope −0.505 μg×(g×mm)−1 14.0

Apoptosis model

BaseApoptosis 1.27% 5.0

Emax 19.8 h−1 14.0

EC50 0.081μg×g−1 49.0

MTT 0.845 h 19.0

keo 0.070 h−1 10.0

Tumor growth delay model

ke 0.00010 h−1 4.0

kg 0.00230 h−1 5.0

α 16.8 (h×% apoptosis)−1 8.0

Inter individual variability

Estimate (CV %) RSE (%)

WZerol3 24.8 17.0

WZerol5 10.2 23.0

WSlope 4.1 19.0

Residual error model

σComp1 (additive) 0.024 24.0

σComp3 (additive) 0.148 13.0

σComp5 (additive) 0.796 10.0

σComp9 (proportional) 0.276 7.0

σComp10 (proportional) 0.265 18.0
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predictor. Therefore, the estimate α, is interpreted as the
percentage increase in cell death rate (ke) that is induced by
achieving a 1% increase in apoptosis from baseline at a
depth from the surface of ¼ the size of the tumour. In
contrast to Ait-Oudhia et al. (21), we did take the spatial
distribution of apoptosis within a solid tumour into
account. Therefore, in the future, our model might
serve as a tool for the comparison of treatment efficiencies
for tumours of different size.

In the absence of PTX, our model adequately captures the
growth of the tumours as observed from the control group
(Fig. 4). Moreover, when PTX is administered via IPEC, as
seen in Figure 2 of the Supplementarymaterials, our predictions
adequately capture the biphasic evolution of tumour volume
post-dosing. It is predicted that prior to regrowth, tumour
volume reaches a minimum approximately 50 h post dose.

PKPD Simulations

To evaluate the effect of changing perfusate concentrations or
treatment duration on the outcome of the IPEC procedure,
several treatment modalities were simulated. Using our final
model parameter estimates, we simulated 15, 45, 90 and
120 min IPEC administrations at concentrations ranging be-
tween 0.01 μg/mL and 100 μg/mL. Typical tumour and
plasma exposure (AUC obtained using non-compartmental

analysis of simulated concentrations) for the different simulat-
ed IPEC treatments are depicted in Fig. 5.

From our simulations, it can be seen that AUCTumour

reaches a maximum at a particular perfusate concentration.
Increasing the perfusate concentration beyond this point does
not increase AUCTumour any further. In addition, the perfus-
ate concentration producing maximum tumour exposure de-
pends on the treatment duration. For the 15, 45, 90 and
120 min treatment durations, our simulations show that per-
fusate concentrations attaining maximum tumour exposure
are 0.40, 1.60, 4.00 and 6.35 μg/mL respectively. The
achieved maximum AUCTumour differs significantly between
the simulated treatments. The maximum AUCTumour is 4.30,
13.09, 26.24 and 35.00 μg.h/g for the 15, 45, 90 and 120 min
treatments, respectively.

When evaluating AUCPlasma, our simulations show that no
such maximum exposure is achieved in plasma. For every
simulated treatment, a clear positive correlation is observed
between perfusate concentrations and AUCPlasma. A useful
therapeutic index, weighing the desirable effect of the treat-
ment (high AUCTumour) by the unwanted effects of the treat-
ment (high AUCPlasma, hence high probability of systemic
toxicities) is the AUCTumour over AUCPlasma ratio. When
evaluating this index for the different simulated treatments,
it can be seen that this index, depicted by the continuous line
in Fig. 5, is high up to the perfusate concentration that
achieves maximum tumour exposure. Beyond this point, this

Fig. 4 Observed versus model
predicted (IPRED) plasma (top left
panel) and tumour concentrations
(top right panel) as well as observed
and model predicted apoptosis
(bottom left panel) and tumour
volume (bottom right panel)
measurements.
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index declines steeply, indicating a less efficient delivery of
PTX to its site of action.

To compare the different simulated treatments at their
optimal perfusate concentration (the lowest perfusate concen-
tration achieving maximum AUCTumour), additional simula-
tions were performed. Figure 6 shows the plasma-
concentration-time profile as well as the evolution of the
tumour volume following IPEC administration for the differ-
ent optimal treatment duration/perfusate concentration
combinations.

From Fig. 6 it can be seen that peak plasma concentrations
differ 4-fold between the shortest and the longest treatment
duration. This difference in plasma concentrations is reflected
in the overall plasma exposure (AUCPlasma for the different
simulated treatments is 0.05, 0.18, 0.46 and 0.72 μg.h/mL,
respectively). Of note is that AUCTumour (cfr. supra) differs
approximately 8-fold, whereas AUCPlasma differs approxi-
mately 14-fold between the shortest and the longest treatment
duration. When comparing the different treatments in terms
of the AUCTumour over AUCPlasma ratios, we found that the
index decreases from approximately 85 for the 15 min treat-
ment until 49 for the 120 min treatment.

The lower panel of Fig. 6 shows the evolution of tumour
volume following the different treatments. Although none of
the treatments achieves a complete reduction of the tumour,
significant differences are observed between the simulated
treatments. The achieved tumour shrinkage at approximately

50 h post treatment is 25, 35, 42 and 45% for the 15, 45, 90
and 120 min treatment durations, respectively.

DISCUSSION

Based on our elaborate tumour tissue sectioning protocol we
showed, in contrast to our expectations, that in our rat model,
tumours attached to the peritoneal membrane are equally
accessible for drug penetration from the ventral as well as
the dorsal side. This finding is somewhat counterintuitive
because of the perceived restricted access of the cytotoxic
solution towards the ventral part of the tumour, which is
attached to the peritoneal membrane. One plausible explana-
tion might be that, the barrier between the cytotoxic solution
in the peritoneal cavity and plasma, i.e. the peritoneum, does
not correspond to the classic semipermeable membrane.
Rather than being a physical transport barrier, its complex
structure makes it highly permeable to water, small solutes
and proteins (22), thereby potentially allowing peritoneal tu-
mours to be homogeneously exposed to the cytotoxic solution.
Another explanation for this peculiar findingmight be that the
tumours in our animal model, which are artificially grown on
the peritoneum, might be somewhat more accessible to drugs
than tumours that naturally occur in PC. However, given the
lack of other studies that quantitatively evaluated tumour

Fig. 5 AUCTumour and AUCPlasma

as a function of treatment duration
(15, 45, 90 and 120 min treatments
in the top-left, top-right, bottom-left
and bottom-right panels,
respectively) and perfusate
concentration. The shaded grey
area depicts the AUCPlasma,
whereas the solid line with
embedded symbols depicts the
AUCTumour. The solid line represents
the AUCTumour over AUCPlasma

ratio and its values are plotted
against the left y-axis. The dashed
lines represent the coordinates of
the “saturation point”.
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penetration post IPEC dosing, these hypotheses remain to be
confirmed.

When comparing the extent of PTX tumour penetration
that was observed in our study (half-width approximately
1.37 mm) against earlier reports (23–27), it stands out that
the extent and the kinetics of tumour penetration of PTX are
significantly different in our study. Overall, in-vitro studies
using a.o. multicellular layer cultures, show that PTX pene-
trates only a few cell layers (approximately 100 μm). Even in
in-vivo models of i.p. administration of PTX nano-/micropar-
ticles, used by Kamei et al. (24) and Lu et al. (28), penetration
was limited to approximately 1 mm. Not only does the extent
of tumour penetration in our study widely differ from these
earlier reports (Fig. 2 shows that post IPEC PTX was mea-
sured even at 12 mm from the tumour’s surface), the kinetics
of penetration are different as well.

Earlier studies (23–28) showed that PTX penetration is
slow, whereas we found that even at 15 min post IPEC
administration, significant PTX tumour concentrations
(>0.035 μg/g) are detected in the tumour’s centre. Although
these different kinetics might be attributed to the experimental
design (most literature reports originate from in-vitro studies),
the specific nature of the IPEC administration could be re-
sponsible for this phenomenon. On the one hand, the superior
distribution of the perfusate within the abdominal cavity as
opposed to the classical i.p. injection, bringing the cytotoxic
solution in close contact with the tumour’s surface might be
responsible for the faster tumour penetration. On the other

hand, owing to the fact that drug penetration in solid tumours
is governed by passive diffusion as well as convective
processes (28), the hydrostatic pressure induced by the
cytotoxic solution within the abdominal cavity might
enhance convection towards the tumour’s interstitium,
thereby increasing tumour penetration. Future work
should be directed towards unravelling the physical/
chemical phenomena that explain the higher degree of
PTX tumour penetration following IPEC as compared
to other routes of administration.

The results from our simulation study show that, in our
animal model, even optimized combinations of treatment
duration and perfusate concentration will not produce full
tumour shrinkage after a single IPEC administration of
PTX. Multiple dose strategies seem to be necessary to induce
complete tumour shrinkage after IPEC treatment. On the
other hand, our simulations also show that increasing treat-
ment duration, whilst concurrently increasing the perfusate
concentration, holds additional benefits in terms of achieving
higher tumour exposure. This finding is in agreement with
other reports on i.p. PTX dosing in the literature (27,28), that
describe that in order to optimize pharmacological response,
exposure to the cytotoxic agent should be prolonged. Our
model, which simultaneously describes plasma- as well as
tumour exposure after IPEC administration of PTX could
be used to determine the characteristics of a modified release
formulation producing maximal tumour exposure whilst si-
multaneously minimizing systemic exposure.
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CONCLUSIONS

Based on our animal studies, we clearly identified a non-linear
dose–response relationship originating from saturable absorp-
tion into the tumour. Furthermore, we showed that IPEC
treatment modalities differently affect tumour and plasma
exposure, thereby allowing the optimisation of the therapeutic
range, i.e. separating treatment efficiency from possible sys-
temic toxicities. The complex processes underlying the ab-
sorption from PTX from the peritoneal cavity after IPEC and
the interplay of these processes on efficacy and potential
systemic toxicities make that for PTX dosing via IPEC less
might truly result in more.

We hypothesize that, based on the close resemblance be-
tween tumour exposure in our animal model and tumour
exposure in patients treated under similar conditions, our
study results are of great value for all stakeholders involved
in the development of new treatment protocols for PC using
IPEC.
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