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Abstract. The objective of this study was to characterize the pharmacokinetics and the time course of the
neutropenia-induced by hyperthermic intraperitoneal oxaliplatin (HIO) after cytoreductive surgery in
cancer patients with peritoneal carcinomatosis. Data from 30 patients who received 360 mg/m2 of HIO
following cytoreductive surgery were used for pharmacokinetic–pharmacodynamic (PK/PD) analysis.
The oxaliplatin plasma concentrations were characterized by an open two-compartment pharmacokinetic
model after ﬁrst-order absorption from peritoneum to plasma. An oxaliplatin-sensitive progenitor cell
compartment was used to describe the absolute neutrophil counts in blood. The reduction of the
proliferation rate of the progenitor cells was modeled by a linear function of the oxaliplatin plasma
concentrations. The typical values of oxaliplatin absorption and terminal half-lives were estimated to be
2.2 and 40 h, with moderate interindividual variability. Oxaliplatin reduced the proliferation rate of the
progenitor cells by 18.2% per mg/L. No patient’s covariates were related to oxaliplatin PK/PD
parameters. Bootstrap and visual predictive check evidenced the model was deemed appropriate to
describe oxaliplatin pharmacokinetics and the incidence and severity of neutropenia. A peritoneum
oxaliplatin exposure of 65 and 120 mg·L/h was associated with a 20% and 33% incidence of neutropenia
grade 4. The time course of neutropenia following HIO administration was well described by the
semiphysiological PK/PD model. The maximum tolerated peritoneum oxaliplatin exposure is 120 mg L/h
and higher exposures should be avoided in future studies. We suggest the prophylactic use of granulocyte
colony stimulating factor for patients treated with HIO exposure higher than 65 mg L/h.
KEY WORDS: hyperthermic intraperitoneal chemotherapy (HIPEC); NONMEM; oxaliplatin;
peritoneal carcinomatosis; pharmacodynamics; pharmacokinetics.

INTRODUCTION
For many patients with peritoneal carcinomatosis (PC)
secondary to intra-abdominal cancers, tumor progression in
the peritoneum is the sole life-limiting component of disease
and one of the most common causes of cancer incurability.
However, there are no PC treatment approved by regulatory
agencies, and the development of new therapies to manage
this life-threatening condition could fulﬁll an unmet medical
need. In this context, several Phase I/II clinical studies in
gastric cancer (1–3), mesothelioma (4), colorectal (5), or
ovarian carcinoma (6) have shown promising results in
treating macroscopic PC with cytoreductive surgery and
residual PC with hyperthermic intraperitoneal chemotherapy
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(HIPEC) (7). The rationale for this treatment is based on
experimental studies showing that drug penetration is limited
to a few cell layers under the surface of the tumor (8), and
consequently, intraperitoneal chemotherapy must be immediately administered after the cytoreductive surgery in order to
achieve the maximal cytotoxic activity on residual tumor cells
before they get trapped in the postoperative ﬁbrin adhesions
(9). In addition, the intratumoral cytotoxic activity can be
enhanced by administering highly permeable drugs at
relatively high doses with hyperthermia. The efﬁcacy of
this approach has been evidenced in Phase III studies in
colorectal cancer patients (10,11).
The ideal drug for HIPEC should penetrate into the
tumor, have a low diffusion into the subperitoneal space and
capillary endothelial in order to avoid excessive drug systemic
exposure, and have a temperature dependent cytotoxic
activity. Therefore, drugs rapidly metabolized and/or excreted
from the body should be preferred over others as they should
decrease the systemic exposure and the risk of toxicity.
Consequently, large hydrophilic compounds with limited
permeability across an intact peritoneal membrane have been
preferred to small lipophilic compounds (12). In this context,
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cisplatin (13), mytomicin C (14), carboplatin (15), paclitaxel
(16), irinotecan (17), and oxaliplatin (18) have been used as
chemotherapy agents in HIPEC because their cytotoxic
activity is enhanced with hyperthermia. Although comparative studies across these drugs have not been performed to
date, the results obtained with oxaliplatin are encouraging. In
a retrospective analysis in patients with resectable PC, Elias et
al. have shown that surgical cytoreduction followed by
HIPEC with oxaliplatin prolongs median survival from 23.9
to 62.7 months and increase the 5-year survival rate from
13% to 51% with respect to standard palliative surgery and
chemotherapy (19).
Oxaliplatin, a diaminocyclohexane–platinum compound
active in a variety of solid tumor types, licensed in the USA
and Europe for the treatment of colorectal cancer, is an
attractive agent for HIPEC because its cytotoxicity is signiﬁcantly increased by hyperthermia (20,21) and the intratumoral
penetration is optimal (22). However, systemic exposure to
oxaliplatin increases the risk of hematological toxicity and
peripheral sensory neuropathy, which have been described as
dose-limiting toxicities after intravenous treatment (23). Therefore, it is important to achieve the maximum oxaliplatin
exposure in the peritoneal cavity with minimum access to
systemic circulation, in order to balance the cytotoxic activity
and the risk of toxicity. Several Phase I dose-escalation studies
in subjects with PC were conducted to determine the maximum
tolerated dose of hyperthermic intraperitoneal oxaliplatin
(HIO) and characterized its pharmacokinetics (PK) as a single
agent (24–26). In these studies, intraperitoneal doses ranging
from 200 to 460 mg/m2 were administered during 0.5 to 2 h and
oxaliplatin exhibited linear and time-independent PK in both
plasma and peritoneum. While oxaliplatin peritoneal
concentrations decline in an exponential manner with a halflife of 30 to 40 min (22,27,28), oxaliplatin plasma
concentrations increase to reach the maximum shortly after
the end of the intraperitoneal infusion. The mean value of
apparent oxaliplatin absorption rate constant (ka) from
peritoneum to plasma was close to 1.4 h−1 (22,27,28). After
treatment with HIO, oxaliplatin plasma concentrations
declined in a bi-exponential manner resembling to the PK
proﬁles observed after an intravenous administration. At an
oxaliplatin dose level of 460 mg/m2, the peak concentration
(Cmax) was estimated to be 25-fold higher in peritoneum
(330 μg/mL) than in plasma (13.2 μg/mL) (24,25) which
indicates an increased oxaliplatin tumor exposure and,
potentially, a more efﬁcacious treatment for residual PC than
its intravenous administration. However, the pharmacokinetic
parameters obtained from plasma concentrations achieved
following HIO vary substantially from one study to others
reﬂecting differences in relation to (1) the analyte (ultraﬁltrate
vs total platinum), (2) analytical method for measuring plasma
platinum content (atomic absorption spectroscopy, liquid
chromatography, or inductively coupled plasma atomic
emission spectrometry), and (3) the carrier solution used
(isotonic, hypotonic, or hypertonic solutions) (29). In this
context, is not surprising that the estimated oxaliplatin plasma
clearance ranged from 6.68 L/h/m2 (27) to 28.4 L/h/m2 (28),
while the volume of distribution is estimated to be 15 L (27).
In these studies, the most frequent and severe adverse
events related with oxaliplatin were neutropenia and thrombocytopenia (24–27). Stewart et al. (26) reported that

hematologic toxicity grade was related to the extent and
the rate of oxaliplatin systemic absorption at 250 mg/m2
administered during 2 h. However, to date, there are not
quantitative longitudinal analyses exploring the effect of
oxaliplatin pharmacokinetics on the time course of
hematological toxicity after its intraperitoneal administration.
In this study, we characterize the oxaliplatin pharmacokinetics
in peritoneum and plasma when is administered in an
icodextrin 4% carrier solution and establish its relationship
with the time course of absolute neutrophil counts (ANC) in
patients with PC receiving HIO after cytoreductive surgery. A
semi-mechanistic population pharmacokinetic and
pharmacodynamic (PK/PD) model previously developed (30)
was used to analyze the data and the effect of patient
demographics and/or physiopathological factors on
oxaliplatin PK/PD parameters. Finally, the relationship
between oxaliplatin concentrations in peritoneum, the
duration of the HIO and the incidence of severe
neutropenia was explored in order to establish the
maximum tolerated oxaliplatin exposure, which will be
critical to optimize the design of future clinical studies with
oxaliplatin in this setting.
MATERIALS AND METHODS
Study Design and Subject Eligibility Criteria. Data from
30 subjects included in a single-arm study investigating the
safety, tolerability, pharmacokinetics, and pharmacodynamics
of HIO after cytoreductive surgery were analyzed. Adult
patients were eligible if they had conﬁrmation of PC without
extra-abdominal metastasis. Other eligibility criteria included a
World Health Organization performance status of 0 to 2,
anticipated life expectancy of at least 3 months. Previous
anticancer radiation therapy and/or chemotherapy, if given,
had to be discontinued for at least 4 weeks before entry into
the study, or 6 weeks in the case of pretreatment with
nitrosoureas or mitomycin C. Patients were required to have
a negative pregnancy test (only for female patients with
reproductive potential), and normal hepatic and renal function,
deﬁned as bilirubin ≤1.5 times the upper limit of normality,
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) ≤2.5 times the upper limit of normality, and serum
creatinine ≤1.5 times the upper limit of normality. An acceptable bone marrow function, deﬁned as white blood cells >3.5×
109/L, neutrophil count >1.5×109/L, and platelets >100.0×109/L
was needed. Patients with one or more of the following criteria
were not selected: active infection; central nervous system
metastases; peripheral neuropathy >grade 2; allogenic
transplant; prior extensive radiation therapy (>25% of bone
marrow reserve); prior bone marrow transplantation or high
dose chemotherapy with bone marrow or stem cell rescue;
concurrent radiation therapy, chemotherapy, hormonal
therapy, or immunotherapy; participation in a clinical trial
involving an investigational drug in the past 30 days or
concurrent enrollment in another investigational trial; and
any coexisting medical condition that was likely to interfere
with study procedures and/or results.
The study was conducted at the USP Hospital San Jaime
(Torrevieja, Spain) between 2006 and 2009 in accordance
with principles for human experimentation as deﬁned in the
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International Conference on Harmonization for Good Clinical Practice guidelines and the principles of the Declaration
of Helsinki. The study was approved by the corresponding
Investigational Review Board and informed consent was
obtained from each subject after being advised of the
potential risks and beneﬁts, as well as, the investigational
nature of the study (31). The primary tumor type of the
eligible patients were ovarian (n=10), colorectal (n=9),
appendiceal (n=5), gastric (n=3), endometrial (n=2), and
primary papilar (n=1). A summary of patient characteristics
at baseline is presented in Table I.
Surgical Procedure. A xiphopubic midline laparotomy
was carried out to examine the tumor load in the abdominal
cavity. To obtain the peritoneal cancer index (32), the
abdomen was divided into 13 areas numbered from 0 to 12,
as described elsewhere (33), and cytological samples and
biopsies were taken from each area. Resection of the primary
tumor when present was carried out according to regional
lymphadenectomy with correct margins. In carcinomatosis
with the primary tumor in situ and in metachronous cases,
peritonectomies and debulking were carried out as required
and extensive systematic peritonectomies were not performed. The mesenteric peritoneum was not extensively
removed, and acceptable small bowel resections were guided
by maximal tumor volume locations. Remaining malignant
granulations were destroyed using electrosurgical fulguration.
This aggressive surgical cytoreduction was performed with
the aim to reach complete resection or, if not possible, to
Table I. Summary of Patient Characteristics at Baseline
Subject characteristics (N=30)

Mean (SD)

Range

Age (year)
Body Weight (kg)
Body Surface Area (m2)
Sex (%)
Male
Female
ALT (IU/L)
AST (IU/L)
Alkaline Phosphatase (IU/L)
Total Bilirubin (μmol/L)
Serum Albumin (g/L)
Total Protein (g/L)
Creatinine Clearancea (mL/min)
Hemoglobin (g/dL)
Leukocyte Count x109/L
Neutrophil ×109/L
Platelets ×109/L
Liver metastases
No (%)
Yes (%)
Peritoneal Carcinomatosis Index
Complete Cytoreduction
No (%)
Yes (%)

57.9 (10.5)
69.3 (12.1)
1.7 (0.2)

32.0–75.0
42.0–90.0
1.4–2.0

40
60
45.1 (20.1)
38.9 (19.4)
234 (108)
0.6 (0.3)
33.3 (10.6)
59.8 (11.6)
85.3 (32.9)
11.3 (1.5)
7.7 (4.2)
7.5 (5.8)
261 (139)

19.0–100
10.0–83.0
52–467
0.2–1.6
14.9–50.5
38.8–79.3
23.2–150.0
6.4–13.0
0.4–17.8
1.7–26.5
115–716

83.3
16.7
8.6

0.0–39.0

33.3
66.7

Continuous variables are expressed as mean (standard deviation) and
range, whereas categorical variables are expressed as percentage (%)
a
Creatinine Clearance was calculated using the Cockroft and
Gault’s formula and values higher than 150 mL/min were
truncated to 150 mL/min

resect all visible tumor lesions larger than 2.5 mm. Anastomoses were carried out after the perfusion of the abdominal
cavity was completed. The cytoreduction obtained by surgery
was considered complete CC0 (no residual implants
remained), incomplete CC1 (residual implants <2.5 mm
persisted), incomplete CC2 (residual implants ≥2.5 mm, but
<2.5 cm persisted) or incomplete CC3 (residual implants
≥2.5 cm persisted) (34).
Hyperthermic Intraperitoneal Oxaliplatin. An open coliseum technique was used according to the procedure previously described (35). Four 36-Fr drains were connected to a
continuous closed circuit, and two intraperitoneal thermal
probes were placed in order to obtain a proper temperature
feedback. Brieﬂy, a Tenckhoff inﬂow catheter was placed
centrally in the abdomen and four outﬂow catheters were
inserted through separate stab incisions in the abdominal wall.
Both the inﬂow and outﬂow catheters were connected to a
perfusion pump and heat exchanger. The skin of the abdomen
was attached to a retractor ring, and the abdominal cavity was
covered with a plastic sheet with a small opening in the center
allowing entrance for the surgeon’s hands to stir the abdominal
contents in order to deliver a more uniform drug distribution
and heat to the intra-abdominal surfaces. The rollers of an
extracorporeal circulation machine (Performer LRT, Rand)
were set at a speed of 1,000 mL/min to deliver the perfusate,
4% icodextrin solution. The circuit passed through a heat
exchanger which raised the temperature to 48°C. The perfusate
temperature on the abdominal cavity ﬂuctuated between 42°C
and 43°C. Once the temperature was achieved, oxaliplatin
360 mg/m2 was administered. The perfusate volume varied
from patient to patient depending on the peritoneal surface
area and, approximately, 2.5 to 6.0 L were employed. On
average, the HIO mean duration was 40 min (range 30–
60 min). After the end of perfusion, the solution was
evacuated. During the next ﬁve postoperative days, 5ﬂuorouracil (5-FU) was administered at a dose of 15 mg/kg
intraperitoneally in 1 h infusion through a 14-Fr catheter in
order to potentiate the oxaliplatin cytotoxic effect (36).
Sample Collection and Bioanalytical Methods. Peritoneal
ﬂuid and venous blood samples were collected immediately
after the oxaliplatin administration and then every 10 min
until the end of the peritoneal perfusion. Additional venous
blood samples were drawn at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8,
12, 16, 20, 24, and 28 h after the end of the peritoneal
perfusion. All samples were collected in S-monovette® tubes,
centrifuged at 3,500 rpm for 10 min and were stored at −80°C
until analysis. Total platinum in peritoneal ﬂuid and plasma
was measured using a validated assay based on inductively
coupled plasma atomic emission spectrometry. The lower
limit of quantiﬁcation was 0.5 mg/L. Over the validated range
of the assay (0.5 to 30 mg/L for plasma samples and 5 to
300 mg/L for peritoneal ﬂuid samples), the mean intra- and
inter-assay coefﬁcients of variation were lower than 9.5% and
7.7%, respectively. Blood samples for the determination of
ANC were collected before the surgery and, afterwards, daily
until patient completely recovered from the hematological
toxicity. ANC were determined using an automated hematology analyzer (Beckman Coulter, Inc. AcT5diff AL, Fullerton,
CA, USA).
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Pharmacokinetic and Pharmacodynamic Model
Development
Software. Nonlinear mixed-effects modeling using the
ﬁrst-order conditional (FOCE) method implemented in
NONMEM VI software package (ICON, Hanover, MD)
(37) was used to develop the population PK/PD model and
to conduct model-based simulations. Compilations were
achieved using DIGITAL Visual Fortran Version 6.6C.
Graphical and all other statistical analyses were performed
using S-Plus 6.1 Professional Edition (Insightful, Seattle,
WA, USA).
Pharmacokinetic and Pharmacodynamic Model. Oxaliplatin concentrations in peritoneal ﬂuid evidenced a monoexponential decay, and consequently, oxaliplatin in the peritoneal
ﬂuid was assumed to be absorbed into plasma according to a
linear process, characterized by the ﬁrst-order absorption rate
constant, ka (Fig. 1). As oxaliplatin concentration in the
peritoneal ﬂuid were available, the absorption process was
parameterized in terms of peritoneum to plasma clearance (Qa)
and volume of distribution in the peritoneum (Va); thus ka was
calculated as a secondary parameter (Qa/Va). Based on the
graphical exploratory analysis, the oxaliplatin disposition in
plasma was characterized by an open two-compartment model
with linear elimination and nonspeciﬁc distribution to peripheral
tissues (Fig. 1). This model was parameterized in terms of
systemic clearance (Cl), intercompartmental ﬂow (Q2), central
volume of distribution (Vc), and peripheral volume of distribution (Vp). As the oxaliplatin absolute bioavailability (F) after
intraperitoneal administration is not known, F was ﬁxed to 1;
therefore, the estimated model parameters were apparent. The
corresponding differential equations for each compartment were:

where A, C, and P represent the oxaliplatin concentrations
in peritoneal ﬂuid, plasma, and peripheral compartment,
respectively.
The semi-mechanistic model proposed by Friberg et al.
(30) was used to describe the ANC time course as a
function of oxaliplatin concentrations (Fig. 1). The backbone structure of the model consist in ﬁve compartments:
one compartment represents the proliferative cells [Prol],
such as stem cell and other progenitor cells; three transit
compartments with maturating cells [Transit]; and one
compartment of the circulating blood cells [Circ]. A
maturation chain, with transit compartments and ﬁrst-order
rate constants (ktr) accounts for the lag time between the
oxaliplatin administration and the observed neutropenic
effects in blood. The generation of new cells in [Prol] was
dependent on the number of cells in that compartment,
which is consistent with the mechanism of self-renewal or
mitosis. The ﬁrst-order proliferation rate constant, kprol,
determines the rate of cell division, together with the
feedback mechanism from the circulating cells. The feedback loop was necessary to describe the rebound of ANC
compared to the baseline values (Circ0) and was incorporated into the model as (Circ 0 /Circ) γ as previously
suggested (35). The feedback function is governed by the
γ parameter, which reﬂects the increase in self-replication
rate occurring when circulating cells are depleted. The
differential equations describing the reference model were
as follows:
dProl
¼ kProl  Prol 
dt



Circ0
Circ

g


 1  EDrug  ktr  Prol ð4Þ

dTransit 1
¼ ktr  Prol  ktr  Transit 1
dt

ð5Þ

dA
Qa
¼ 
 A ¼  ka  A
dt
Va

ð1Þ

dTransit 2
¼ ktr  Transit 1  ktr  Transit 2
dt

ð6Þ

dC Qa
Q2
Cl
Q2
A
C
Cþ
P
¼
Va
Vc
Vp
dt
Vc

ð2Þ

dTransit 3
¼ ktr  Transit 2  ktr  Transit 3
dt

ð7Þ

dP Q2
Q2
¼
C
P
dt
Vc
Vp

ð3Þ

dCirc
¼ ktr  Transit3  kCirc  Circ
dt

ð8Þ

Fig. 1. Schematic of the semi-mechanistic population PK/PD model
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The oxaliplatin plasma concentrations were assumed to
reduce the proliferation rate according to a linear function
(EDrug):
EDrug ¼ a  C

ð9Þ

where α is the slope of the linear relationship between EDrug
and C, and C is derived based on the empirical Bayesian
estimates of the individual pharmacokinetic parameter
obtained from the oxaliplatin population pharmacokinetic
model previously described.
In the transit compartments, it was assumed that the only
loss of cells is into the next compartments; therefore, the random
loss of precursor cells was assumed to be negligible. As the
proliferative cells differentiate into more mature cell types, the
concentration of cells is maintained by cell division. At steadystate, before administering oxaliplatin, dProl/dt is equal to 0 and,
therefore, kProl =ktr. As the ANC data collected did not contain
enough information to estimate independently kCirc, it was ﬁxed
to the population mean half life of neutrophils previously
determined, 0.07 h−1 (30). To improve the interpretability, the
mean transit time (MTT) was estimated as follows:
MTT ¼

nþ1
ktr

ð10Þ

where n is the number of transit compartments. MTT represents
the time taken for the neutrophil to reach the circulation after
leaving the proliferative compartment. Thus the structural model
parameters to be estimated were the system-related parameters:
Circ0, MTT, and + , and the drug-related parameter, ! .
The effect of 5-FU on the inhibition of the proliferation
rate and/or stimulation of the killing rate of the progenitor
cells was assumed to be negligible because the low intrinsic
neutropenic effects of 5-FU (38) and the relatively low doses
administered, which lead to a negligible systemic exposure as
evidence by the large proportion (81.5%) of 5-FU plasma
concentration below the limit of quantiﬁcation (0.04 mg/L).
Statistical Model. The interindividual (or between subjects) variability (IIV) in the PK/PD model parameters was
assumed to follow the lognormal distribution and, consequently, an exponential error model was used. Residual
variability in oxaliplatin peritoneal concentrations, oxaliplatin
plasma concentrations, or ANC was evaluated using an
additive error model after natural logarithmic transformation
of the observations and model predictions. The magnitude of
interindividual and residual variability was expressed approximately as a coefﬁcient of variation.
Model Selection Criteria. The improvement of the ﬁt
obtained for each model was assessed in several ways. First,
the resulting NONMEM-generated minimum value of the
objective function (MVOF) was used to perform the likelihood
ratio test. This test is based on the change in the MVOF
(ΔMVOF), which is equal (up to a constant) to minus twice the
log-likelihood of the data and is asymptotically distributed like
χ2 with the degrees of freedom equal to the number of
parameters added to the model. ΔMVOFs of −10.83 or −12.12
were required to reach statistical signiﬁcance at p≤0.0010 or
p≤0.0005 for the inclusion or exclusion of one ﬁxed effect in
nested models, respectively. These stringent statistical criteria

were used to avoid the inclusion of weak and clinically no
relevant effects. In addition, the improvement in the ﬁt was
assessed by the reduction in the IIV and residual variability, the
precision in parameter estimates, and the examination of
diagnostic plots, and shrinkage (39).
Model Qualification. A nonparametric bootstrap was
used as internal evaluation method to qualify the estimates of
the PK/PD model parameters (40) using WINGS for NONMEM (N. Holford, Version 6.16, Auckland, New Zealand).
The mean and the 95% conﬁdence intervals of the parameter
estimates from the bootstrap replicates were compared with
the estimated parameters from the original dataset. In addition,
a visual predictive check was performed on the time course of
the 5th, 50th, and 95th percentile of the oxaliplatin peritoneal
and plasma concentrations and the ANC (41).
Model-Based Simulations. Based on the PK/PD model
developed, simulations were undertaken in order to explore
the role of the initial oxaliplatin concentration in the
peritoneum (and therefore the dose) and the duration of the
HIO on the incidence of neutropenia grade 4 or grade 4
lasting at least 5 days. For a total of 12 oxaliplatin concentrations (0, 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275,
and 300 mg/L), the daily ANC was simulated for four
different HIO durations (30, 40, 50, and 60 min) and the
incidence of neutropenia grade 4 or grade 4 lasting at least
5 days was computed. For each scenario, 1,000 virtual subjects
were simulated.

RESULTS
Pharmacokinetics. A total of 140 and 338 oxaliplatin
concentrations from peritoneum and plasma, respectively,
were available for the PK analysis. The mean (SD) of the
Cmax in peritoneum and plasma was determined to be 82.30
(17.76) mg/L at 6.36 (7.13) min after the start of HIO and 2.56
(0.90) mg/L at 35.97 (8.20) min after the start of HIO,
respectively. Moreover, the mean (SD) of the area under the
curve concentration vs. time curve (AUC) in peritoneum and
plasma was determined to be 1,150 (348) and 87.20 (123.20)
mg·h/L, respectively.
The time course of plasma concentrations following HIO
was best described by an open two-compartment disposition
model with nonspeciﬁc distribution to a peripheral compartment, linear elimination from the central compartment, and
ﬁrst-order absorption from peritoneum to plasma. Figure 2
displays the goodness-of-ﬁt plots for oxaliplatin peritoneal
concentrations (upper panels) and oxaliplatin plasma concentrations (mid-panels), which showed a normal random scatter
around the identity line and indicated the absence of signiﬁcant
bias. The ﬁnal estimates of the pharmacokinetic parameters and
the results of the non-parametric bootstrap analysis are
presented in Table II. Except for Q2, between subject variability
was estimated for all of the PK parameters, with acceptable
shrinkage (<0.3). The population estimates of model parameters
were very similar to the mean of the 684 bootstrap replicates
that minimized successfully and were contained within the 95%
conﬁdence intervals obtained from the bootstrap analysis,
suggesting an acceptable accuracy of the parameters estimates.
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Fig. 2. Conditional weighted residuals vs time and conditional weighted residuals vs population
predictions for peritoneal (upper panels) and plasma (mid panels) oxaliplatin concentrations, and absolute
neutrophils counts (lower panels)

The precision of the ﬁxed effects estimates was also good, with
relative standard error (RSE) lower than 34%, while the RSE
for the random effect ranged from 30% to 70%.
The results of the visual predictive check performed are
depicted in Fig. 3. In this ﬁgure, the blue areas cover the 95%
conﬁdence interval of the 5th, 50th, and 95th percentiles of
the model-based prediction for peritoneal or plasma
concentrations and red solid lines represent the observed
5th, 50th, and 95th percentiles of the peritoneal or plasma

concentrations. This ﬁgure evidence that the PK model
developed is appropriate to describe the time course of
peritoneal and plasma oxaliplatin concentrations and their
associated variability observed in cancer patients with PC.
Pharmacodynamics. A total of 678 ANC values were
available for the PK/PD analysis. The mean (SD) of the Circ0
was determined to be 7.47·109/L (5.78·109/L) and remains
relatively constant until the 4 to 6 days after drug
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Table II. Parameter Estimates and Bootstrap Analysis of the HIO Population Pharmacokinetic and Pharmacodynamic Model
Nonparametric bootstrap

Original dataset
Model parameters
Pharmacokinetic model
Qa (L/h)
Va (L)
Cl/F (L/h)
Q2/F (L/h)
Vc/F (L)
Vp/F (L)
Interindividual variability (CV %)
ωQa
ωVa
ωCL/F
ωVc/F
ωVp/F
Residual variability (CV %)
σ1 (plasma)
σ2 (peritoneum)
Pharmacodynamic model
System related parameters
Circ0 (·109/L)
MTT (h)
γ
Drug-related parameter
α (L/mg)
Interindividual variability (CV %)
ωCirc0
ωMTT
ωα
Residual variability (CV %)
σ
a
b

Estimatea,b

Mean

a

95% Conﬁdence interval

2.70
8.33
1.61
77.0
19.2
72.8

2.80
8.32
1.65
79.4
20.0
75.3

(17.3)
(4.48)
(33.4)
(18.6)
(25.2)
(17.2)

1.91–3.86
7.61–9.09
0.71–2.85
56.7–112.0
11.4–30.8
50.1–103.9

34.1
17.7
85.6
57.9
23.5

34.1
17.4
93.4
56.0
24.4

(30.6)
(38.3)
(69.6)
(69.8)
(69.0)

23.4–44.2
10.1–23.5
38.2–159.0
15.1–84.2
6.70–39.3

14.7
16.5

14.5 (16.8)
16.3 (27.9)

12.0–16.8
12.6–21.0

7.05 (6.88)
118 Fixed
0.135 (11.9)

7.07 (6.75)
–
0.133 (25.4)

6.26–8.09
–
0.016–0.209

0.182 (36.5)

0.181 (62.8)

0.048–0.505

42.3 (27.5)
32.8 (53.2)
141 (31.7)

40.6 (29.6)
31.2 (155.9)
145 (160.7)

27.3–52.1
5.6–75.6
73–250

49.7 (17.6)

49.1 (19.4)

41.1–58.7

Results expressed as parameter (RSE relative standard error of parameter estimate, %)
The covariate step failed. Therefore, RSE of PK parameters are not provided

administration when ANC begin to decline and reached a nadir
approximately 11 to 14 days after the start of the HIO. The
median ANC nadir determined was 3.09·109/L and showed large
variability with values ranging from 0.03 to 10.31·109/L. The
incidence of patients with neutrophil count less than 1.00·109/L
and 0.5·109/L, suggestive of neutropenia at least grades 3 and 4,
respectively, was 17% and 10%, respectively. The infusion
duration for the three patients that developed neutropenia
grade 4 was 35, 45, and 45 min, and the corresponding ANC
nadir was 0.0023·109/L, 0.028·109/L and 0.13·109/L.
The model proposed by Friberg et al. (30) ﬁts the ANC
proﬁles reasonably well. Figure 2 displays the goodness-of-ﬁt
plots for ANC (lower panels), which also showed a normal
random scatter around the line of identity and indicate an
absence of bias. The ﬁnal estimates of the PD parameters and
the results of the non-parametric bootstrap analysis are
presented in Table II. Between subject variability was
estimated for Circ0 and α with acceptable shrinkage (0.077
and 0.224, respectively). The shrinkage for MTT was determined to be 0.391. The population estimates of model
parameters were very similar to the mean of the 964
bootstrap replicates that minimized successfully, and were
contained within the 95% conﬁdence intervals obtained from
the bootstrap analysis, suggesting an acceptable accuracy of
the PD parameters. The precision of the ﬁxed effects

estimates was acceptable, with RSE lower than 36.6%. In
addition, the precision for the random effect parameters was
also adequate with RSE ranging from 27.5% to 53.2%. The
results of the visual predictive check performed are depicted
in Fig. 3 and evidence that the model developed is appropriate to describe the time course of ANC in cancer patients
following cytoreductive surgery and HIO.
The exploratory graphical analysis of the effect of age,
sex, body weight, serum creatinine, albumin, serum ALT,
serum AST, total bilirubin, hemoglobin, and hematocrit did
not suggest any correlation between these covariates and PK/
PD parameters. Therefore, given the limited number of
subjects included in the current analysis, a formal analysis of
covariate effects on PK/PD parameters was not attempted.
Model-Based Simulations. Deterministic simulations
(Fig. 4, upper panels) clearly show that the neutropenia is
reversible, short-lasting, and non-cumulative. In addition, the
initial HIO concentration (and the oxaliplatin dose) and the
infusion duration are the main determinants of the severity
and the duration of the neutropenia. As a consequence of the
linear drug effect model, Fig. 4 (upper panels) shows that a
proportional increase in the oxaliplatin exposure will lead to a
proportional decrease in the ANC nadir. In addition, extending the duration of the HIO administration, for a given initial
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Fig. 3. Time course of the 5th, 50th, and 95th percentiles of the peritoneal (upper panel) and
plasma (mid panel) oxaliplatin concentration and absolute neutrophils counts (lower panel)
and their associated model-based prediction of the 95% conﬁdence interval

oxaliplatin concentration in the peritoneum, will increase the
severity and duration of the neutropenia as it is directly
related to the oxaliplatin exposure in peritoneum.
The relationship between initial HIO concentration and
the incidence of severe neutropenia is also displayed in Fig. 4
(lower panels) as a function of the infusion duration. In this
ﬁgure, the incidence of neutropenia grade 4 appears linearly
related to the initial HIO concentration and the slope of that
linear relationship also depends of the infusion duration.
Actually, a 60-min infusion of oxaliplatin starting at peritoneal concentration of 65 mg/L leads to a 20% incidence of
neutropenia Grade 4. However, a 30-min infusion starting at

the same oxaliplatin concentration leads to a 12% incidence
of neutropenia Grade 4. Thus, shorter HIO reduce the
incidence of severe neutropenia, while the initial oxaliplatin
dose administered to achieve an initial 65 mg/L concentration
remains the same in both cases.
According to Fig. 4 (lower left panel), a 20% incidence
of neutropenia Grade 4 is also expected following a 30-min
infusion starting at peritoneal oxaliplatin concentration of
105 mg/L. Interestingly, the area under the peritoneal
oxaliplatin concentration versus time curve (AUC) following
a 60-min infusion starting at 65 mg/L concentration is the
same than the AUC following a 30-min infusion starting at
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Fig. 4. Effect of initial oxaliplatin concentration in peritoneum and HIO treatment duration on the time
course of neutrophil counts (upper panels) and on the incidence of neutropenia grade 4 and grade 4 lasting
at least 5 days (lower panels)

oxaliplatin concentration of 105 mg/L. Consequently, these
two dosing regimens leads to an incidence of neutropenia
grade 4, for which primary prophylaxis with granulocytecolony stimulating factors is recommended. Furthermore, a
60-min infusion starting at 120 mg/L concentration is associated with a 33% incidence of neutropenia grade 4, which
determine the maximum tolerated exposure. Similarly, HIO
exposure of 120 and 225 mg h/L are associated with a 20%
and 33% incidence of neutropenia grade 4 lasting more than
5 days Fig. 4 (lower right panel).

DISCUSSION
In this study, the oxaliplatin pharmacokinetics in peritoneum and plasma has been characterized in cancer patients
with PC treated with cytoreductive surgery followed by HIO.
Regarding the oxaliplatin plasma disposition, the typical
volume of the central compartment and the alpha half-life
(t1/2α) were estimated to be 19.2 L and 0.14 h, respectively,
and were similar to the PK parameters previously reported by
Ferron et al. (27) and Massari et al. (42) The beta half-life (t1/
2β) determined in the current study, 40 h, was similar to that
observed by Massari et al. (37.5 h) after 2-h intravenous
infusion of oxaliplatin 130 mg/m2 but was longer than the t1/2β
reported by Ferron et al. (12.9 h). A possible explanation of
these differences is the limited sampling period used to
characterize the oxaliplatin pharmacokinetics in Ferron et al.
study, as compared to the others studies. It becomes very
difﬁcult to accurately estimate oxaliplatin t1/2β based on

plasma samples collected only up to 8 h after the start of HIO
administration. Sampling schedules including plasma
concentration collected beyond 24 h should provide a more
accurate estimation of the t1/2β for total oxaliplatin.
The peritoneum to plasma ratio of oxaliplatin Cmax, 32.1,
was similar to a previously reported value for ultraﬁltrate
platinum concentrations (24,28). However, the apparent oxaliplatin peritoneal half-life (t1/2a =Ln(2)/ka), equivalent to the
oxaliplatin absorption half-life from peritoneum to plasma,
2.2 h, was considerably higher than the values reported
previously (0.5–0.7 h) (25–27), probably because different carrier
solution has been used in the current study. While all the previous
pharmacokinetic studies of HIO were performed using isotonic
5% dextrose as carrier solution, this study reports, for the ﬁrst
time, the HIO pharmacokinetics in plasma and peritoneum using
isotonic 4% icodextrin as carrier solution. Icodextrin is a macromolecule that, theoretically, should reduce oxaliplatin clearance
from the peritoneal cavity and, consequently, the t1/2a should be
longer. On the other hand, the ratio estimated of the AUCs in
peritoneum and plasma was 13.19, which is in line with the values
previously reported (28) for ultraﬁltrate platinum using isotonic
5% dextrose as carrier solution. Probably, other factors,
including differences in the surgical procedures, the extracorporeal circulation machines, the oxaliplatin absolute
bioavailability and the analyte and bioanalytical method,
could contribute to explain the differences in the absorption half-life from peritoneum to plasma across the studies
conducted with dextrose at 5% vs icodextrin at 4%.
Therefore, further studies comparing oxaliplatin absorption
with both carrier solutions are necessary to quantify the
icodextrin effect on oxaliplatin absorption.
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In this study, the relationship between oxaliplatin
pharmacokinetics and the time course of ANC in patients
with PC receiving HIO after cytoreductive surgery was also
investigated by applying a semi-mechanistic population PK/
PD model previously developed (30). The relationship
between oxaliplatin plasma concentrations and drug effect
was described by a linear function and the slope of the linear
drug effect was estimated to be 0.182 L/mg. It appears that
oxaliplatin neutropenic potency is about 28% higher than the
estimated neutropenic potency for carboplatin in monotherapy, after correcting for the differences in the free fraction
between the two drugs (43). The 5th, 50th, and 95th percentiles
of the oxaliplatin peak inhibition of the proliferative rate of
precursor cells into the Prol were determined to be 13.13,
44.23, and 564.33, respectively. With respect to the system
related parameters, the estimated of Circ0 was consistent with
ANC normal values. The MTT could not be estimated
correctly with the available data and, therefore, was ﬁxed to
118 h as previously reported in the literature (30,44–48). The
estimated γ value, 0.135, was also similar to those obtained
previously for other anticancer drugs, such as irinotecan
(0.132) or topotecan (0.120) (30,49). Interindividual and
residual variabilities were moderate to large, consistent with
that observed for other drugs (30).
Model-based simulations revealed that HIO induced
neutropenia is reversible, short-lasting, and largely dependent
on the intensity of the dose administered (or concentration in
the peritoneum) and the duration of the HIO treatment.
Figure 4 (upper panels) shows that increasing the dose (or the
initial concentration in the peritoneum) and/or extending the
HIO duration leads to a greater ﬂuctuation in ANC values
and consequently increases the likelihood of severe neutropenia. Simulations also indicated that it is possible to reduce
the degree of neutropenia by employing treatment regimens
with shorter HIO duration, while the overall amount of dose
administered (and the initial oxaliplatin concentration in the
peritoneum) remains the same. Quantitatively, simulations
suggest that the maximum tolerated HIO exposure is
120 mg·h/L. However, primary prophylaxis with granulocyte-colony stimulating factors should be considered if HIO
exposure is higher than 65 mg·h/L in order to prevent severe
neutropenia as recommended by the guidelines (50).
In summary, a semi-mechanistic pharmacokinetic and
pharmacodynamic model has been developed to account for
the effect of oxaliplatin on myelosupression. This model has
been successfully applied for the ﬁrst time to describe the
time course of ANC in cancer patients with diagnosis of PC
treated with HIO, using 4% icodextrin as carrier solutions.
Model-based simulations suggest that targeting HIO exposure
not higher than 120 mg·h/L is safe and, however, at exposure
higher than 65 mg·h/L the primary prophylaxis with granulocyte-colony stimulating factors support is recommended.
The model developed is useful to optimize the design of
future clinical studies.
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