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Abstract: Oxaliplatin (L-OHP) is widely prescribed for treating gastroenterological cancer.
L-OHP-induced peripheral neuropathy is a critical toxic effect that limits the dosage of L-OHP.
An ideal chemotherapeutic strategy that does not result in severe peripheral neuropathy but confers
high anticancer efficacy has not been established. To establish an optimal evidence-based dosing
regimen, a pharmacokinetic-toxicodynamic (PK-TD) model that can characterize the relationship
between drug administration regimen and L-OHP-induced peripheral neuropathy is required.
We developed a PK-TD model of L-OHP for peripheral neuropathy using Phoenix® NLME™ Version
8.1. Plasma concentration of L-OHP, the number of withdrawal responses in the acetone test,
and the threshold value in the von Frey test following 3, 5, or 8 mg/kg L-OHP administration were
used. The PK-TD model consisting of an indirect response model and a transit compartment model
adequately described and simulated time-course alterations of onset and grade of L-OHP-induced
cold and mechanical allodynia. The results of model analysis suggested that individual fluctuation
of plasma L-OHP concentration might be a more important factor for individual variability of
neuropathy than cell sensitivity to L-OHP. The current PK-TD model might contribute to investigation
and establishment of an optimal dosing strategy that can reduce L-OHP-induced neuropathy.

Keywords: pharmacokinetic-toxicodynamic modeling; peripheral neuropathy; cancer chemotherapy;
platinum compound; personalized therapy; toxicology

1. Introduction

The platinum (Pt)-based anticancer agent oxaliplatin (L-OHP) is a key drug used for the treatment
of advanced or metastatic colorectal cancer in some chemotherapy regimens, including CapOX (L-OHP
and capecitabine), SOX (L-OHP and S-1), and FOLFOX (L-OHP and 5-fluorouracil/leucovorin) [1–4].
The dosing schedule of each regimen was as follows: CapOX and SOX regimen: 2 h infusion
of 130 mg/m2 L-OHP, every three weeks as one cycle, FOLFOX regimen: 2 h infusion of
85–130 mg/m2 L-OHP, every two weeks as one cycle [2–4]. Preclinical studies have focused on the
pharmacokinetic-toxicodynamic relationships to predict the toxicity of L-OHP [5,6]. Despite favorable
antitumor effects of L-OHP, undesirable adverse effects such as nausea, vomiting, myelosuppression,
and peripheral neuropathy contribute to treatment failure. Unlike other antitumor agents, acute and
chronic peripheral neuropathy are well-known frequent and serious toxic effects of L-OHP, resulting in
discontinuation of chemotherapy and poor prognosis [7,8]. Therefore, a challenge to improving clinical
outcomes in L-OHP-based chemotherapy is to elucidate mechanisms of drug-induced peripheral
neuropathy and to develop alternative dosing strategies that do not induce severe peripheral neuropathy.

Acute neuropathy is specific to L-OHP and occurs in approximately 90% of patients within
hours after administration [9]. This neuropathy is characterized by cold hypersensitivity, throat
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discomfort, and dysesthesia of the peripheral regions including hand, foot, and perioral regions,
affecting the patients’ daily activities. Alteration of voltage-gated Na+ and K+ channels has been
reported as the major mechanism of these effects [10–13]. In addition, continued exposure to L-OHP
also induces chronic neuropathy in approximately 70% of the patients, causing temperature-insensitive
paresthesia, hypoesthesia, and dysesthesias of the hands and feet [14,15]. To reduce L-OHP-induced
acute neuropathy, calcium and magnesium infusions [16,17] and gabapentin administration [18,19]
are recommended. However, these treatments do not provide adequate clinical benefit [20], and the
chronic neuropathy remains as a dose-limiting side effect [21,22].

Recently, we performed pharmacokinetic (PK) and toxicodynamic (TD) studies of L-OHP in
rats [23]. We demonstrated that cold and mechanical allodynia occurred more frequently and more
intensely with increased L-OHP doses. These results indicated that dosage regulation might be
an attractive strategy to prevent neurotoxic effects that limit L-OHP clinical efficacy. However,
pharmacokinetic-toxicodynamic (PK-TD) modeling based on PK and TD data is required to link
L-OHP exposure to peripheral neuropathy and allow for the development of evidence-based dosing
strategies [23]. A mathematical approach such as the use of a PK-TD model is a feasible alternative
because it can link the drug dosing regimen to drug toxicities and some PK-TD models of anticancer
agents using preclinical data have been reported [24–26].

The aim of the current study was to develop a PK-TD model to predict time course and degree
of L-OHP-induced acute and chronic neuropathy and to simulate the influence of alternative dosing
on neuropathy.

2. Materials and Methods

2.1. PK and TD Data Source

Individual plasma L-OHP concentration (µg/mL) and quantitative TD data of the acetone test
(the unit: times) and the von Frey filament test (the unit: g) reported in our previous study [23] with
increased sample size were used as the source of data for PK-TD modeling in the present study. Animal
protocols in our previous study were approved by the Institutional Animal Care and Use Committee
(Permit number: PKPD-16-001, Date of approval: 26 April 2016), and the studies were performed
in accordance with the Guidelines for Animal Experimentation of Kyoto Pharmaceutical University.
PK and TD data were obtained as described below.

In the PK study, 10-week-old male Wistar rats (weighing 300–360 g, n = 15) were divided randomly
into three groups based on L-OHP dose administered. Rats in each group were administered 3, 5,
or 8 mg/kg L-OHP (Elplat® [YakultHonsha Co., Ltd., Tokyo, Japan], 5 mg/mL) into the external right
jugular vein. The L-OHP dose was determined based on clinical doses and previous animal studies
investigating L-OHP toxicity [6,27]. Blood samples (0.25 mL) were withdrawn from the right jugular
vein at 3, 5, 10, 20, 30, 45, 60, 90, and 120 min after L-OHP administration. Due to unstable L-OHP
in the presence of plasma protein, the obtained blood sample was immediately centrifugated and
100 µL plasma sample was deprotenized by 200 µL acetonitrile. Plasma concentration of L-OHP
was determined by liquid chromatography-tandem mass spectrometry (LC-MS/MS) according to
the method reported by Minakata et al. [28]. The measured values of Pt derivative were used for
L-OHP concentration.

In the TD study, L-OHP-induced cold and mechanical allodynia were assessed by the acetone
test [29] and the von Frey filament test [30], respectively. All rats (n = 21) were divided randomly into
four groups based on the control and L-OHP doses administered. Rats in each group were administered
intravenous saline, or 3, 5, or 8 mg/kg L-OHP (5 mg/mL) once per week for four weeks. In the acetone
test, the number of withdrawal responses was counted for 40 s after 50 µL of acetone was sprayed onto
the plantar skin. The test was conducted six times (three times per hind limb) and the mean number of
withdrawal responses was calculated from the ratio of the number of total responses to six. This mean
value was used for assessing acute neuropathy. In the von Frey filament test, the withdrawal response
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was observed after von Frey filaments (Touch Test® Sensory Evaluator, North Coast Medical, Inc.,
Gilroy, CA, USA) were applied to each hind paw. The threshold value was determined by the weakest
stimulation that caused a positive response according to the up-down method of the von Frey filament
test. These TD evaluations were conducted three days per week (Monday, Wednesday, and Friday)
after dosing. The number of withdrawal responses and the threshold value were used to develop
PK-TD models of acute and chronic neuropathy model. Further details of these methods have been
described in our previous report [23].

2.2. PK-TD Model Development

2.2.1. Software and Criteria

PK-TD models to describe time course alterations of plasma concentrations of L-OHP and onset
and degree of L-OHP-induced neuropathy were developed using a non-linear mixed effects modeling
program—Phoenix® NLME™ Version 8.1 software (Certara USA, Inc., Princeton, NJ, USA). The PK-TD
model was developed using a two-stage approach. PK model development and parameters were
estimated separately from the TD model, and each PK parameter was fixed when developing the TD
model. To estimate model parameters and their variability, first-order conditional estimation with the
extended least squares method was used. Structural model selection was based on Akaike’s Information
Criteria (AIC), goodness-of-fit plots including population predictions (PRED) vs. observations (OBS),
individual predictions (IPRED) vs. OBS, conditional weighed residuals (CWRES) vs. time, CWRES
vs. IPRED, and the coefficient of variation (CV) of parameter estimates. For non-nested models, AIC
value was used for selection between models. A drop in AIC of two or more was applied as the cutoff

criterion for PK and TD model improvement, which was the threshold for selecting one model over
another [31]. For nested models, the minimum value of −2 × log likelihood (−2LL), served as a guide
during model building. A decrease in −2LL of 6.63 points for an added parameter was regarded as a
significant improvement of the model. A schematic of the final PK-TD model is shown in Figure 1.
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Figure 1. Schematic of the pharmacokinetic-toxicodynamic (PK-TD) model of oxaliplatin (L-OHP)
induced acute and chronic neuropathy. C, L-OHP concentration in the central compartment; V, central
volume of the distribution; ke, elimination rate constant from the central compartment; k12, rate constant
of central compartment to peripheral compartment; k21, rate constant of peripheral compartment to
central compartment; EL-OHP,acute, drug effect for acute neuropathy; Ehandling, handling effect; kin,acute,
a zero-order rate constant describing the rate of increase of paw withdrawal responses; kout,acute,
a first-order rate constant describing the rate of decrease of paw withdrawal responses; EL-OHP,chronic,
drug effect for chronic neuropathy; kin chronic, a zero-order rate constant describing the rate of increase
of paw withdrawal threshold; kout,chronic, a first-order rate constant describing the rate of decrease of
paw withdrawal threshold.
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2.2.2. PK Model

The PK model was chosen based on previous studies [32,33] and the experimental data.
Only plasma L-OHP concentration data following single administration were used for PK modeling,
whereas we have also these data following multiple administration. In our previous report [23],
after the fourth administration of L-OHP, higher plasma L-OHP levels were observed. Although a
suspected mechanism of this phenomenon is the decrease in renal excretion of the drug by multiple
doses-induced renal failure, the details are still unknown to develop the appropriate PK model.
Moreover, it is difficult to estimate the timing of this increase in plasma concentration in the dosing
regimen for four weeks. Therefore, to be more concise, only plasma L-OHP concentration data on Day
1 were used for PK modeling. The linear elimination model was adapted because the results of in vivo
study shows dose proportional increase in AUC and unchanged half-life of L-OHP with increasing
dose [23]. Two-compartment models with linear elimination was applied to describe the course of the
L-OHP plasma concentration levels according to the previous report [32]. Different inter-individual
variability models (the exponential and additive) were initially tested. Inter-individual variability of
PK parameters was characterized by the exponential error model. Based on the above-mentioned
criteria, the inter-individual variability model was used for V, ke, k12, and k21. Different residual error
models (including the additive, proportional, combined or power) were tested and residual variability
in measurements of C was assumed using a proportional error model. The diagnosis plots of PK model
are shown in Figure S1.

2.2.3. TD Model for Acute Neuropathy

Habituation was observed in the control group, suggesting that animal handling affected the
number of paw withdrawal responses in the acetone test. In previous toxicological studies using rats,
body weight loss was observed due to animal handling and this effect was considered in development
of the TD model [33–35]. To characterize the effects of animal handling on the number of paw responses,
the handling effects was simply added to the response model as following equations:

xacute(t) = Response(t) + Handling(t), (1)

Handling(t) = x0, acute · e−khandling·t, (2)

xacute(0) = Handling(0) = x0, acute, (3)

where xacute(t) was the number of paw withdrawal responses, Response(t) was the drug effects on
the number of paw responses, Handling(t) was the effects of animal handling on the number of paw
responses, khandling was the constant in the handling effect, x0,acute was the baseline value of the responses.
Based on the observed data in the control group, the baseline value of the responses was 3.1 times.
The observed data in control group was preliminary fitted with this model and the value khandling =

0.08 allowed the TD model to effectively capture the features of TD data. Then, the value of x0,acute and
khandling was fixed at 3.1 and 0.08, respectively.

For PK-TD analysis of acetone test data in L-OHP treated rats, both animal handling and the drug
affected the number of paw withdrawal responses. The linear, Emax, or sigmoid-Emax models were
considered to describe time course alterations data. L-OHP was assumed to increase the rate of paw
withdrawal responses as described by the sigmoid-Emax model and the following equations:

dResponse(t)
dt

= kin, acute + EL−OHP,acute(t) − kout,acute ·Response(t), (4)

EL−OHP,acute(t) =
Emax,acute ·Cγacute(t)

EC50,acute
γacute + Cγacute(t)

, (5)
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where kin,acute was a zero-order rate constant describing the rate of increase of paw withdrawal
responses, kout, acute was a first-order rate constant describing the rate of decrease of paw withdrawal
responses, EL-OHP,acute was the drug effect for acute neuropathy, Emax,acute was the maximum drug effect
for acute neuropathy, and EC50,acute was the L-OHP concentration when the drug effect was at half of
Emax,acute. In our preliminary studies, the value γacute = 6 allowed the TD model to effectively capture
the features of TD data. To minimize the estimated number of parameters, the value of γacute was fixed
at 6. The TD model development process for acute neuropathy is presented in Table S1 and Figure S2.

2.2.4. TD Model for Chronic Neuropathy

Based on the reported mechanisms of L-OHP-induced chronic neuropathy, the values of paw
withdrawal threshold after exposure to von Frey filaments were fitted with a transit compartment
model [36,37]. This model can describe delay of neuronal cell injury and onset of chronic neuropathy
with respect to L-OHP treatment. It was assumed that neuronal cell exposure to L-OHP passed through
n different stages (named x1, . . . , xn), characterized by progressive degrees of damage, resulting in
chronic neuropathy. The developed TD model assumed that L-OHP decreased paw withdrawal
threshold by atrophy of neurons. This feature was described by the following equation:

dx1(t)
dt

= kin, chronic ·
(
1− EL−OHP,chronic(t)

)
− kout,chronic · x1(t), xchronic(0) = x0,chronic, (6)

dx2(t)
dt

= kout, chronic · x1(t) − kout, chronic · x2(t), (7)

dxn(t)
dt

= kout, chronic · xn−1(t) − kout, chronic · xn(t), n = 3, 4, 5, (8)

dxchronic(t)
dt

= kout, chronic · x5(t) − kout, chronic · xchronic(t), (9)

kout,chronic = kin,chronic/x0, (10)

EL−OHP,chronic(t) =
Emax,chronic ·Cγchronic(t)

EC50,chronic
γchronic + Cγchronic(t)

, (11)

where xchronic(t) was the paw withdrawal threshold, kin,chronic was a zero-order rate constant describing
the rate of increase of paw withdrawal threshold, kout,chronic was a first-order rate constant describing
the rate of decrease of paw withdrawal threshold, x0,chronic was the baseline value of the responses,
EL-OHP,chronic was the drug effect on chronic neuropathy, Emax,chronic was the maximum drug effect for
chronic neuropathy, and EC50,chronic was the L-OHP concentration when the drug effect was at half of
Emax,chronic. Based on the observed data in the control group, the baseline value of the responses was
8 g. In our preliminary studies, the values n = 5 and γchronic = 4 allowed the TD model to effectively
capture TD. To minimize the estimated number of parameters, the value of x0,chronic, n, and γchronic
was fixed at 8, 5, and 4, respectively. The TD model development process for chronic neuropathy is
presented in Table S2 and Figure S3.

Similar to PK modeling, different inter-individual variability models of TD parameters and
residual variability models in the TD data were initially tested and assumed using exponential and
proportional error model, respectively. The diagnosis plots of TD model are shown in Figure S4.

2.3. Model Evaluation

A prediction-corrected visual predictive check [38] and a nonparametric bootstrap procedure
were performed to check the stability of the final PK-TD model using Phoenix® NLME™ Version 8.1
software (Certara USA, Inc., Princeton, NJ, USA). In the visual predictive check, data sets (n = 1000)
were simulated using the final population model parameters, and the 5th, 50th, and 95th simulated
percentiles of L-OHP concentration, and quantitative TD data, were calculated. For the nonparametric
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bootstrap procedure, data sets (n = 1000) were simulated and compared with the population model
parameters estimated from the original data set.

2.4. Simulation to Assess the Effects of Dosing Schedule on Neuropathy

To determine the effect of dosing schedule on time-course profiles of degree of acute and chronic
neuropathy, we plotted simulated curves relative to different dosing schedules. Simulations were
performed using the final PK–TD model and final fixed effect parameters (Tables 1 and 2). The number
of paw withdrawal responses in the acetone test and the paw withdrawal threshold in the von Frey
filament test were simulated after administration of placebo or L-OHP (1–8 mg/kg) once per week for
four weeks, L-OHP (5 mg/kg) every week (Day 0, 7, 14, and 21) at two week intervals (Day 0 and 14),
or at three week intervals (Day 0 and 21).

Table 1. PK parameters of L-OHP in rats after administration of 3, 5, or 8 mg/kg L-OHP.

Parameters Unit
Final Model Bootstrap

Estimate CV% Median 5th–95th Percentiles

Fixed effect
parameters, θ

V mL·kg−1 357.8 15.7 354.8 284.2 - 410.9
ke h−1 3.4 15.1 3.4 2.5 - 4.2
k12 h−1 2.6 34.2 2.7 1.9 - 4.3
k21 h−1 1.1 30.1 1.1 0.6 - 1.5

Inter-individual
variability,ω

V % 42.4 47.0 41.5 24.1 - 50.4
ke % 40.6 93.9 36.4 0.01 - 57.0
k12 % 54.3 148.5 50.2 0.01 - 95.2
k21 % 91.0 56.8 91.0 58.5 - 130.8

Residual variability,
σ

C % 21.9 13.1 22.0 17.9 - 25.7

V, central volume of the distribution; ke, elimination rate constant from the central compartment; k12, rate constant
of the central compartment to the peripheral compartment; k21, rate constant of the peripheral compartment to the
central compartment; C, concentration of L-OHP in the central compartment. The value ofω is expressed as percent
coefficient of variation.

Table 2. PD parameters of acute and chronic neuropathy after administration of L-OHP in rats.

Parameters Unit
Final Model Bootstrap

Estimate CV% Median 2.5th–97.5th Percentiles

Acute neuropathy

Fixed effect parameters, θ
x0,acute times 3.1 Fix 3.1 Fix
kin,acute times·day−1 0.004 47.2 0.004 0.0001 - 0.019
kout,acute day−1 0.06 24.2 0.06 0.03 - 0.09
khandling day−1 0.08 Fix 0.08 Fix

Emax,acute times·day−1 10.1 20.5 9.9 5.3 - 14.0
EC50,acute µg·mL−1 0.36 11.3 0.35 0.23 - 0.40
γacute 6 Fix 6 Fix

Residual variability, σ
xacute in Proportional error % 32.1 3.5 31.9 29.9 - 33.9
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Table 2. Cont.

Parameters Unit
Final Model Bootstrap

Estimate CV% Median 2.5th–97.5th Percentiles

Chronic neuropathy

Fixed effect parameters, θ
x0,chronic g 8 Fix 8 Fix
kin,chronic g·day−1 2.7 0.66 2.8 2.4 - 3.7

Emax,chronic 168.0 0.67 127.7 29.8 - 169.3
EC50,chronic µg·mL−1 0.43 0.67 0.35 0.21 - 0.68
γchronic 4 Fix 4 Fix

Inter-individual variability,ω
kin,chronic % 25.2 27.8 25.1 4.4 - 25.5

EC50,chronic % 28.2 40.5 27.9 0.001 - 28.2

Residual variability, σ
xchronic in Additive error g 1.3 5.9 1.3 1.1 - 1.4

x0,acute, the baseline value of paw withdrawal responses in acetone test; kin,acute, a zero-order rate constant describing
the rate of paw withdrawal responses increase; kout,acute, a first-order rate constant describing the rate of decrease
of paw withdrawal responses; khandling, constant in handling effect; Emax,acute, the maximum drug effect for acute
neuropathy; EC50,acute, the L-OHP concentration when the drug effect was at half of Emax,acute; γacute, hill coefficient
for acute neuropathy model; x0,chronic, the baseline value of paw withdrawal threshold in von Frey test; kin,chronic,
a zero-order rate constant describing the rate of paw withdrawal threshold increase; Emax,chronic, the maximum drug
effect for chronic neuropathy; EC50,chronic, the L-OHP concentration when the drug effect was at half of Emax,chronic;
γchronic, hill coefficient for chronic neuropathy model. The value ofω is expressed as percent coefficient of variation.

3. Results

3.1. PK Model

A two-compartment model with linear elimination best described the PK of L-OHP. The final
PK parameter estimates and results of the bootstrap validation are shown in Table 1 and Figure S5.
The coefficient of variation (CV%) of each PK parameter estimate was ≤34.2%. The CV% for the
inter-individual variability parameter was large (≤148.5%). This result was expected because the
number of animals (n = 15) in the PK study was small and precise estimation of inter-individual
variability parameters was difficult. This is a minor concern since the stability of the PK model was
validated by the bootstrap procedure. Each parameter estimate obtained from the bootstrap validation
was similar to those from the original data set, suggesting that the PK model adequately estimated
the parameters. Figure 2 presents the results of prediction-corrected visual predictive evaluation of
the final PK model. Although there was a relatively large inter-individual variability in the low-dose
group, visual predictive check plots indicated that the PK model was sufficient to describe individual
plasma L-OHP concentrations.

3.2. TD Model for Acute Neuropathy

The TD model with a sigmoid-Emax model successfully described the handling and drug effects on
the number of paw withdrawal responses in the acetone test. Random effects of TD parameters could
not be explained by the model due to high η-shrinkage values. Based on the model development criteria,
random effects were not applied to the TD model of acute neuropathy. Figure 3 shows the results
of the prediction-corrected visual predictive check for the final PK-TD model for acute neuropathy.
The models accurately predicted paw withdrawal threshold in the acetone test as most observations
are within the 95% prediction interval. Figure 4 shows individual and population prediction of number
of paw withdrawal responses in the acetone test vs. time profiles after intravenous administration of
L-OHP to rats. Although the PK-TD model underestimated the increase in number of paw withdrawal
responses in the acetone test at the initial phase (≤Day 7) after administration of high dose of L-OHP,
the model well described individual TD data. The final TD parameter estimates for acute neuropathy
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and the results of the bootstrap validation are summarized in Table 2 and Figure S5. The CV% of each
fixed effect parameter estimate and the residual variability parameter were ≤47.2%, suggesting that
these parameters were estimated well. The results of the predictive check and bootstrap validation
indicated that the model adequately predicted the individual number of paw withdrawal responses in
the acetone test.
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Figure 2. Prediction-corrected visual predictive check plot for the final pharmacokinetic model of
oxaliplatin (L-OHP) in rats. The solid black and red line represents the median observed and simulated
prediction-corrected plasma concentration, respectively, and the semitransparent red field represents
a simulation-based 95% confidence interval for the median. The observed and simulated 5% and
95% percentiles are presented with dashed black and red lines, respectively, and the 95% confidence
intervals for the corresponding model predicted percentiles are shown as semitransparent gray fields.
The observed prediction-corrected plasma concentrations are represented by circles.

Pharmaceutics 2020, 12, x 8 of 16 

 

was similar to those obtained by the original data set, suggesting that these parameters were 
estimated with good precision. 

 
Figure 3. Prediction-corrected visual predictive check plot for the final pharmacokinetic-
toxicodynamic (PK-TD) model of oxaliplatin (L-OHP)-induced acute (the left panel) and chronic (the 
right panel) neuropathy in rats. The solid black and red line represents the median observed and 
simulated prediction-corrected plasma concentration, respectively, and the semitransparent red field 
represents a simulation-based 95% confidence interval for the median. The observed and simulated 
5% and 95% percentiles are presented with dashed black and red lines, respectively, and the 95% 
confidence intervals for the corresponding model predicted percentiles are shown as semitransparent 
gray fields. The observed prediction-corrected number of paw withdrawal responses in the acetone 
test and paw withdrawal threshold in the von Frey filament test are represented by circles. 

Table 2. PD parameters of acute and chronic neuropathy after administration of L-OHP in rats. 

Parameters Unit 
Final Model Bootstrap 

Estimate CV% Median 2.5th–97.5th Percentiles 
Acute neuropathy        

Fixed effect parameters, θ        
x0,acute times 3.1 Fix 3.1 Fix 
kin,acute times‧day−1 0.004 47.2 0.004 0.0001 - 0.019 
kout,acute day−1 0.06 24.2 0.06 0.03 - 0.09 
khandling day−1 0.08 Fix 0.08 Fix 
Emax,acute times‧day−1 10.1 20.5 9.9 5.3 - 14.0 
EC50,acute  μg‧mL−1 0.36 11.3 0.35 0.23 - 0.40 
γacute  6 Fix 6 Fix 

Residual variability, σ      
xacute in Proportional error % 32.1 3.5 31.9 29.9 - 33.9 

Chronic neuropathy      
Fixed effect parameters, θ      

x0,chronic g 8 Fix 8 Fix 
kin,chronic g‧day−1 2.7 0.66 2.8 2.4 - 3.7 

Emax,chronic  168.0 0.67 127.7 29.8 - 169.3 
EC50,chronic μg‧mL−1 0.43 0.67 0.35 0.21 - 0.68 
γchronic  4 Fix 4 Fix 

Inter-individual variability, ω      
kin,chronic % 25.2 27.8 25.1 4.4 - 25.5 

EC50,chronic % 28.2 40.5 27.9 0.001 - 28.2 
Residual variability, σ      
xchronic in Additive error g 1.3 5.9 1.3 1.1 - 1.4 

x0,acute, the baseline value of paw withdrawal responses in acetone test; kin,acute, a zero-order rate constant 
describing the rate of paw withdrawal responses increase; kout,acute, a first-order rate constant describing 
the rate of decrease of paw withdrawal responses; khandling, constant in handling effect; Emax,acute, the 

Figure 3. Prediction-corrected visual predictive check plot for the final pharmacokinetic-toxicodynamic
(PK-TD) model of oxaliplatin (L-OHP)-induced acute (the left panel) and chronic (the right panel)
neuropathy in rats. The solid black and red line represents the median observed and simulated
prediction-corrected plasma concentration, respectively, and the semitransparent red field represents
a simulation-based 95% confidence interval for the median. The observed and simulated 5% and
95% percentiles are presented with dashed black and red lines, respectively, and the 95% confidence
intervals for the corresponding model predicted percentiles are shown as semitransparent gray fields.
The observed prediction-corrected number of paw withdrawal responses in the acetone test and paw
withdrawal threshold in the von Frey filament test are represented by circles.
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withdrawal responses predicted by the PK-TD model and a dashed line showing the population fits.

3.3. TD Model for Chronic Neuropath

A transit compartment model was applied for describing the delay in onset of chronic neuropathy.
Random effects were applied for kin,chronic and EC50,chronic, and successfully contributed to prediction of
individual decreases in paw withdrawal threshold in the von Frey test. Figure 3 shows the results
of prediction-corrected visual predictive assessment of the final PK-TD model. Figure 5 shows
individual and population prediction of paw withdrawal threshold in the von Frey filament test vs.
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time profiles after intravenous administration of L-OHP to rats. Although there were instances of
overestimation and underestimation in the prediction-corrected withdrawal threshold in the results of
predictive check, the models well predicted paw withdrawal threshold in the von Frey test, as most
observations are within the 95% prediction interval. The model adequately described individual TD
data. The CV% of each fixed effect parameter estimate and inter-individual variability were ≤0.67% and
≤40.5, respectively. Each parameter estimate obtained by the bootstrap procedure was similar to those
obtained by the original data set, suggesting that these parameters were estimated with good precision.Pharmaceutics 2020, 12, x 10 of 16 
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Figure 5. Individual paw withdrawal threshold in the von Frey filament test vs. time profiles after
intravenous administration of oxaliplatin (L-OHP) to rats. Each circle represents the observed paw
withdrawal threshold in the von Frey filament test, with a fitted solid line depicting the individual paw
withdrawal threshold predicted by the PK-TD model and a dashed line showing the population fits.
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3.4. Simulation to Assess the Effects of Dosing Schedule on Neuropathy

A simulated time-course profile obtained using the PK-TD model for number of paw withdrawal
responses in the acetone test and paw withdrawal threshold in the von Frey test after different doses of
L-OHP and different washout periods are shown in Figures 6 and 7. According to the simulation results
for L-OHP-induced acute neuropathy, cold allodynia was predicted to occur more intensively with
increased dose, but onset time was not altered. However, the degree of cold allodynia mildly decreased
with a longer washout period. Similar to simulation of acute neuropathy, mechanical allodynia was
exacerbated by increased dose and was mitigated by a longer washout period. The onset of mechanical
allodynia was not dependent on the L-OHP dose.
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Figure 7. Simulated time-course profile obtained using the pharmacokinetic-toxicodynamic (PK-TD)
model for paw withdrawal threshold in the von Frey filament test. (a) Simulated data after administration
of placebo or L-OHP (1-8 mg/kg) once per week for four weeks, (b) L-OHP (5 mg/kg) every week,
at two-week interval (Day 0 and 14), and three-week interval (Day 0 and 21). PK-TD parameters:
V = 357.8 mL·kg−1, ke = 3.4 h−1, k12 = 2.6 h−1, k21 = 1.1 h−1, kin,chronic = 2.7 day−1, Emax,chronic = 168.0,
EC50,chronic = 0.43 µg·mL−1, γchronic = 4.

4. Discussion

In the current study, we successfully developed, for the first time, a PK-TD model of L-OHP for
peripheral neuropathy in rats. The population disposition of L-OHP in rats was well described by a
two-compartment model with linear elimination, which is in accordance with a previous report [31].
In a population PK model analysis of L-OHP in patients, three or more compartment models were
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selected for describing the time-course of plasma concentration of L-OHP [39,40]. These results
indicated that selection of an appropriate PK model for L-OHP would be needed when extending the
range of applications of the current PK-TD model to clinical data analysis.

Based on different mechanisms of onset of L-OHP-induced peripheral neuropathy, a TD model
was developed independently. Acute neuropathy is induced by alterations in voltage-gated Na+

and K+ channels [11,13], and involvement of transient receptor potential-Ankyrin 1 and -melastatin
8 [41] but not by neuronal injury. In contrast, chronic neuropathy is caused by primary sensory
neuron neurotoxicity [42]. However, the detailed mechanisms of development of acute or chronic
L-OHP-induced neuropathy are unknown. Although a limitation is the difficulty in applying results of
the preclinical model directly to predicting the toxicities in patients, the evaluation of drug-induced
neuropathy using the nociception animal models is valuable in order to provide meaningful results for
understanding certain mechanisms involved in this response. In the current study, we constructed
a PK-TD model employing a small number of typical parameters. This study may provide an
experimental clue to understanding the mechanisms of L-OHP-induced peripheral neuropathy.

A model with a sigmoid-Emax model best described the results of the acetone test and successfully
linked the L-OHP dosing regimen to cold allodynia. The acetone test has been widely used to
characterize the mechanisms of L-OHP-induced cold allodynia in animal models, and to identify
therapeutic agents for use to treat cold allodynia following various L-OHP dosing regimens [43].
The current model might allow for greater understanding of the relationship between dosing regimen
and cold allodynia. PK-TD model simulation results suggested that increased dosing worsened
acute neuropathy and longer washout times aid in recovery from neurotoxicity, which is consistent
with clinical observations. Moderate to severe acute L-OHP-induced neuropathy symptoms (≥grade
2) were common in patients who were given large starting doses of L-OHP (>85 mg/m2) [44,45].
However, no study has examined the range (or minimal) dose required to evoke acute neuropathy [46].
A prospective study using PK-TD modeling and simulation might provide valuable insights to aid in
determination of more appropriate initial dosing and/or infusion times to prevent or alleviate symptoms.

For the TD model of chronic neuropathy, a transit compartment model was applied and accurately
described alteration of paw withdrawal threshold in the von Frey test. Transit compartment models
are widely used for modeling pharmacological effects of compounds that may be mediated by
time-dependent transduction, and when there is a time lag in the final drug response [47]. In TD
studies of anticancer agents, the transit compartment model is valuable for describing the process
of tumor cell death and characterizing myelosuppression [48,49]. Carozzi et al. have reported that
the oxidative stress induces neuronal and glial cell dysfunction and cell death induced by caspases,
mitogen activated protein kinases and protein kinase C; these transit processes may be mechanisms
for L-OHP-induced chronic neuropathy [50]. Our results support this hypothesis for mechanisms
of L-OHP-induced chronic neuropathy. The results of the current study suggested that the transit
compartment model could be expanded to characterize L-OHP-induced chronic neuropathy and to
analyze mechanical allodynia data. The irreversible effect model [51] is generally used to describe
cell killing actions of chemotherapeutic agents, and the model was also a candidate for the TD model
for chronic neuropathy developed in this study because chronic neuropathy can be irreversible [8].
However, the irreversible effect model did not sufficiently describe our observed TD data of chronic
neuropathy, possibly due to a short observation period. To improve the TD model, further studies
with long-term observation periods after the final L-OHP administration might useful.

In preclinical TD studies of anticancer agents, large inter-individual variability of TD parameters
was reported. In a PK-TD model used to characterize the disposition of topotecan and its toxicity,
inter-individual variability in body weight loss was 48.6–188% [34]. Inter-individual variability in TD
model parameters of 5-fluorouracil (5-FU) (≤82.6%) was higher than that in PK model parameters
(≤47.5%), suggesting that individual fluctuations in cell sensitivity to 5-FU could affect onset and
degree of drug-induced toxicity [32]. However, in the current study, inter-individual variability in drug
effects in the TD model for acute and chronic neuropathy was undetermined and ≤28.2%, respectively,
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which was unexpectedly lower than values obtained using the PK model. These results suggested
that individual fluctuations in L-OHP concentration in plasma might be a more important factor for
individual variability of onset and degree of neuropathy than that of cell sensitivity to L-OHP.

The “stop-and-go” strategy is a valuable approach for achieving low incidence of severe
neurotoxicity while maintaining treatment efficacy [52]. However, determination of an appropriate
dose and period of stopping L-OHP administration is a critical challenge. In the current study,
we successfully developed a PK-TD model that quantitatively simulates the relationship between
washout period following L-OHP dosing and onset of peripheral neuropathy. Therefore, the current
model would be valuable for investigation and simulation of dosing strategies, including washout
period after L-OHP administration for individual patients. Based on our results using our PK-TD model,
we proposed that a long washout period is a good strategy to avoid onset of severe mechanical allodynia.
However, to achieve individual chemotherapeutic strategies that reduce neuropathy without disease
progression, clinical studies including toxicodynamic evaluation with a large sample size are needed.

This is the first report of a PK-TD model to characterize the relationship between the disposition of
L-OHP and drug-induced neuropathy. The presented results can aid in development of optimal dosing
regimens for treatment of cancer. However, this study had several limitations. First, the current model
partially under- or over-estimated the individual observed TD data, possibly due to small sample size.
In the current study, total platinum concentrations in plasma were used to develop the PK-TD model.
However, L-OHP is rapidly transformed into a dichloro-1,2-diaminocyclohexylplatinum complex and
oxalate [53], and accumulation of L-OHP in plasma has been observed after multiple doses of L-OHP
to rats [23]. Although the current PK-TD model was a simple model, application of fluctuating factors
to the PK-TD model might improve estimation of individual TD data. Second, the source data for our
study was obtained in healthy rats, not gastric, colorectal, or pancreatic cancer model rats. There is a
possibility that cancer conditions affect PK and TD of L-OHP. To further characterize the relationship
between PK and L-OHP-induced neuropathy, modeling using data from rat cancer models is needed.
Finally, it is difficult to apply our results directly to analysis of practical data in patients since grade of
neuropathy in patients is assessed using an ordinal scale (i.e., Grade 1–4 by Common Terminology Criteria
for Adverse Events), not a continuous scale. The next step towards developing an optimal dosing strategy
is population PK-TD model analysis using patients’ data based on the current results and investigations of
the effects of washout period on the degree of the L-OHP-induced neuropathy in patients. Development of
PK-TD model that can assess grade of toxicity in patients remains an issue for further study. To construct
the optimal dosing strategy for L-OHP-based chemotherapy, clinical trials with large sample sizes and
further PK-TD model development based on the current results are required.

5. Conclusions

We successfully developed a PK-TD model for prediction of L-OHP-induced acute and chronic
neuropathy and determined the quantitative relationship between dosing regimen and magnitude of
neuropathy. Our results provide a framework for future investigations of optimal dosing strategies that
can reduce neuropathy while maintaining the therapeutic effects of L-OHP chemotherapy. Moreover,
the current model might contribute the assessments of neuropathy data in combined applications of
preventative agents or novel anticancer agents. Thus, our findings might have important implications
for individualized dosing regimens of anticancer agents. However, to construct an optimal L-OHP
dosing regimen, further preclinical and clinical studies are needed.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/2/125/s1,
Figure S1. Goodness-of-fit plots of final population pharmacokinetic model of oxaliplatin (L-OHP). Population
predictions (PRED) vs. observations (OBS), individual predictions (IPRED) vs. OBS, conditional weighed residuals
(CWRES) vs. time, and CWRES vs. IPRED. Figure S2. Fitted results of preliminary developed toxicodynamic
(TD) model of oxaliplatin (L-OHP) for acute neuropathy. Figure S3. Fitted results of preliminary developed
toxicodynamic (TD) model of oxaliplatin (L-OHP) for chronic neuropathy. Figure S4. Goodness-of-fit plots of
final population pharmacokinetic-toxicodynamic model of oxaliplatin (L-OHP). Population predictions (PRED)
vs. observations (OBS), individual predictions (IPRED) vs. OBS, conditional weighed residuals (CWRES) vs.
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time, and CWRES vs. IPRED. Figure S5. Distribution of final pharmacokinetic-toxicodynamic (PK-TD) model
parameters obtained by Bootstrap procedure (n = 1000). Table S1: Toxicodynamic model selection for acute
neuropathy. Table S2. Toxicodynamic model selection for chronic neuropathy.
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