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Abstract

Chemotherapy-induced peripheral neuropathy (henceforth, neuropathy) is often dose limiting and
is generally managed by empirical dose modifications. We aimed to (1) identify an early time
point that is predictive of future neuropathy using a patient-reported outcome and (2) propose a
dose-adjustment algorithm based on simulated data to manage neuropathy. In previous work, a

Corresponding Author: Manish R. Sharma, MD, START Midwest, 5800 Foremost Drive SE, Suite 100, Grand Rapids, M| 49546,
manish.sharma@startmidwest.com.
These authors made equal contributions to this work.
Conflicts of Interest
The authors have declared no conflicts of interest.

Data Sharing
The data supporting the results in this manuscript cannot be made publicly available.

Supplemental Information
Additional supplemental information can be found by clicking the Supplements link in the PDF toolbar or the Supplemental
Information section at the end of web-based version of this article.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma et al. Page 2

dose-neuropathy model was developed using dosing and patient-reported outcome data from
Cancer and Leukemia Group B 40502 (Alliance), a randomized phase 111 trial of paclitaxel,
nanoparticle albumin-bound paclitaxel or ixabepilone as first-line chemotherapy for locally
recurrent or metastatic breast cancer. In the current work, an early time point that is predictive of
the future severity of neuropathy was identified based on predictive accuracy of the model. Using
the early data and model parameters, simulations were conducted to propose a dose-adjustment
algorithm for the prospective management of neuropathy in individual patients. The end of the first
3 cycles (12 weeks) was identified as the early time point based on a predictive accuracy of 75%
for the neuropathy score after 6 cycles. For paclitaxel, nanoparticle albumin-bound paclitaxel, and
ixabepilone, simulations with the proposed dose-adjustment algorithm resulted in 61%, 48%, and
35% fewer patients, respectively, with neuropathy score =8 after 6 cycles compared to no dose
adjustment. We conclude that early patient-reported outcome data on neuropathy can be used to
guide dose adjustments in individual patients that reduce the severity of future neuropathy.
Prospective validation of this approach should be undertaken in future studies.
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Chemotherapy-induced peripheral neuropathy (henceforth, neuropathy) is a dose-limiting
toxicity caused by several chemotherapeutic agents, such as platinum drugs, taxanes, and
vinca alkaloids.! Neuropathy decreases quality of life, and may impact survival by
necessitating the discontinuation of effective therapies.? A recent study showed that 47% of
women had symptoms of neuropathy many years after treatment, along with functional
deficits, disability, and a higher incidence of falls.3 There are no effective therapies for the
prevention of neuropathy and only a single therapy (duloxetine) with modest benefits for
painful neuropathy.*> Because there are no reliable factors available to predict at-risk
patients,® neuropathy is usually managed by dose reduction and/or interruption once it
develops, at the discretion of the treating physician.

There is substantial interpatient variability in the timing of onset and severity of neuropathy.
6 Therefore, there is a need for dose individualization to manage neuropathy. Some
researchers have postulated that early recognition and management through dose
interruption and/or reduction might prevent discontinuation of therapy.’ We propose to use a
patient’s early neuropathy data to predict the future severity of neuropathy in that patient, so
that oncologists can make dose adjustments prospectively to mitigate future neuropathy.

In previous work,® we developed a model quantifying the relationship between dosing
history and longitudinal neuropathy score using data from Cancer and Leukemia Group B
(CALGB) 40502, a randomized phase I11 trial of paclitaxel, nanoparticle aloumin—bound
(nab)-paclitaxel or ixabepilone as first-line chemotherapy for locally recurrent or metastatic
breast cancer.® Now, we have utilized the same model to (1) identify an early time point that
can predict the future severity of neuropathy in a patient and (2) propose a dose-adjustment
algorithm to manage neuropathy.
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Methods

Data and Dose-Neuropathy Model

The data were obtained from CALGB 40502 (Alliance), a randomized phase 111 trial of
paclitaxel, nab-paclitaxel, or ixabepilone as first-line chemotherapy (along with
bevacizumab) for locally recurrent or metastatic breast cancer.® Paclitaxel, nab-paclitaxel, or
ixabepilone was administered intravenously at doses of 90 mg/m?, 150 mg/m2, and 16
mg/m2, respectively, on days 1, 8, and 15 of each 28-day cycle. A validated, patient-reported
scale (the Functional Assessment of Cancer Therapy/Gynecologic Oncology

((#of pts with observed and predicted score > 8)

+
(#of pts with observed and predicted score < 8))

Total number o f patients x 100

predictive accuracy =

number of pts with observed score < 8 and predicted score > 8 %

Total number of patients 100

false positive rate =

Group [FACT/GOG] Neurotoxicity Subscale) was used for assessing neuropathy, as shown
in Figure 1.10-12 Neuropathy was evaluated at baseline and at the start of each chemotherapy
cycle (every 28 days). It has been reported that the first 4 questions pertaining to sensory
neuropathy (numbness/tingling in hands, numbness/tingling in feet, discomfort in hands,
discomfort in feet) account for the majority of changes in neuropathy over time,1! and we
verified that this was the case in the current data set.® Therefore, a phenotype (neuropathy
score) was derived by adding the scores from the 4 items related to sensory neuropathy.
Neuropathy scores ranged from 0 to 16, with higher scores indicating higher severity.
Because pharmacokinetic data were not collected, a kinetic-pharmacodynamic model was
used to quantitate the dose-neuropathy relationship.8

Early Time Point Identification

A model-based analysis for identification of the optimal early time point was conducted. The
population parameter estimates (mean and variability) obtained from the dose-neuropathy
model along with the baseline (cycle [C] 1; day [D] 1) and early neuropathy scores from a
patient were used to calculate that patient’s parameter estimates. The patient’s parameter
estimates were then used to predict their neuropathy scores for later cycles at the same doses
administered in the trial. In the first iteration, the observed C1D1 and C2D1 scores were
used to predict neuropathy scores on C3D1, C4D1, C5D1, C6D1, and C7D1. In each
subsequent iteration, observed data from 1 additional cycle were used to predict neuropathy
scores in future cycles. The predictive accuracy of the model and false-positive rates with the
early neuropathy data were calculated as in the equations below. A neuropathy score =8 was
selected as the cutoff because this is 50% of the maximum possible score, and getting this
score means that two or more of the four sensory neuropathy symptoms are being felt
“somewhat” (2 points), “quite a bit” (3 points), or “very much” (4 points).
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Simulations to Explore the Effects of Dose Reduction Scenarios

After identification of the optimal early time point after 3 cycles (see Results), simulations
were conducted in all patients with observed data on C4D1 using various dose reduction
scenarios for managing neuropathy. A reference simulation was conducted in which no dose
reduction occurred, such that C3 doses were administered for the next 3 cycles (C4, C5, and
C6). Patients who were predicted to have a neuropathy score =8 on C7D1 were identified.
Following this, 3 dose-reduction scenarios as described in Table 1 were evaluated.

1. Scenario 1 (reduction): Doses for C4, C5, and C6 were reduced by 10%, 20%,
30%, 40%, or 50% compared to C3 doses.

2. Scenario 2 (skip D8 * reduction): Skipping the D8 doses in C4, C5, and C6, with
and without also reducing the D1 and D15 doses by 10%, 20%, 30%, 40%, or
50%.

3. Scenario 3 (skip C4 * reduction): Skipping all C4 doses, with and without
reducing the C5 and C6 doses by 10%, 20%, 30%, 40%, or 50%.

The results of different scenarios were compared by calculating the percentage of patients
with a neuropathy score =8 on C7D1.

Neuropathy Dose-Adjustment Algorithm

Results

Dose-adjustment algorithms for paclitaxel, nab-paclitaxel, and ixabepilone were proposed
based on the simulation results. A patient with a higher neuropathy score at C4D1 requires a
larger dose reduction to manage neuropathy compared to a patient with a lower neuropathy
score on C4D1. Therefore, patients who were predicted to develop neuropathy score =8 on
C7D1 without dose reduction were further stratified based on their C4D1 score. The patients
were grouped into 4 categories based on their C4D1 neuropathy scores: <4 (category 1), 4-7
(category 2), 8-9 (category 3) and =10 (category 4). In the trial, the maximum allowed dose
reductions for paclitaxel, nab-paclitaxel, and ixabepilone were 33%, 40%, and 37.5%,
respectively.8 Therefore, the following criteria were adopted for dose reductions:

1. A 33% dose reduction was considered adequate if the predicted proportion of
patients with neuropathy score =8 on C7D1 was at least 30% fewer compared to
no dose reduction.

2. If a 33% dose reduction did not result in at least 30% fewer patients with
neuropathy score =8 on C7D1, further dose reduction scenarios were evaluated
that resulted in at least 30% fewer patients compared to no dose reduction.

Early Time Point Identification

The optimal early time point was selected based on the ability of the model to correctly
identify patients with and without neuropathy score =8 at later cycles (predictive accuracy).
Table 2 shows the predictive accuracy of the model for the future severity of neuropathy
using early data. As expected, the more data included from earlier cycles, the greater the
predictive accuracy of the model. Using baseline and observed neuropathy scores through

J Clin Pharmacol. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma et al.

Page 5

C4D1, the predictive accuracy of the model was 80%, 74%, and 75% for C5D1, C6D1, and
C7D1, respectively. The false-positive rate (incorrectly predicting a patient to have
neuropathy score >8) at C7D1 was 12%. Only 17%, 23%, and 16% of patients had observed
neuropathy score =8 on C4D1 for paclitaxel, nab-paclitaxel, and ixabepilone, respectively,
indicating that this time point for prospectively managing neuropathy would be feasible in
most patients.

Simulations to Explore the Effects of Dose-Reduction Scenarios

Observed neuropathy scores on C4D1 were available in 173, 146, and 132 patients in the
paclitaxel, nab-paclitaxel, and ixabepilone arms, respectively. Simulations show that,
without dose reduction for cycles 4 through 6, 29%, 40%, and 33% of the patients on
paclitaxel, nab-paclitaxel, and ixabepilone, respectively, would develop a neuropathy score
>8 on C7D1. These predictions are consistent with the observed data, in which 25%, 40%,
and 44% of the patients on paclitaxel, nab-paclitaxel, and ixabepilone, respectively, had a
neuropathy score =8 on C7D1.

Table 3 shows the percentage of simulated patients who had a neuropathy score =8 on C7D1
under different dose-reduction scenarios. For example, a 30% dose reduction in C4, C5, and
C6 resulted in 14%, 23%, and 27% of the simulated patients on paclitaxel, nab-paclitaxel,
and ixabepilone, respectively, developing a neuropathy score =28 on C7D1. Skipping D8
doses in C4, C5, and C6 or skipping all 3 doses of C4 resulted in a similar proportion of
simulated patients with a neuropathy score =8 on C7D1.

For paclitaxel (Table S1A), of 51 patients predicted to develop a neuropathy score =8 on
C7D1, 23, 14, and 14 patients were in categories 2, 3, and 4, respectively. In patients
predicted to develop a neuropathy score =8 on C7D1 without dose reduction, a 30%
reduction in C4, C5, and C6 doses resulted in 13%, 57%, and 100% of those simulated
patients with a neuropathy score =8 on C7D1 for categories 2, 3, and 4, respectively. Results
for nab-paclitaxel and ixabepilone are presented in Table S1B and S1C, respectively. In any
dose-reduction scenario, ixabepilone produced the highest percentage of patients with a
neuropathy score =8 on C7D1.

Neuropathy Dose-Adjustment Algorithm

Based on the criteria defined in methods section, dose-adjustment algorithms are proposed
for paclitaxel, nab-paclitaxel, and ixabepilone (Figure 2). In all cases, no dose adjustment is
necessary for patients with C4D1 scores <4 (category 1).

For paclitaxel, skipping D8 doses in C4, C5, and C6 in patients with C4D1 scores of 4 to 7
(category 2) and C4D1 scores of 8 to 9 (category 3) resulted in only 13% and 50% of such
patients with a neuropathy score =8 at C7D1, respectively, compared to 100% for those with
no dose adjustment (Table S1). For patients with C4D1 scores of 210 (category 4), skipping
D8 doses along with 30% reduction of remaining doses is necessary to obtain the target 30%
reduction in neuropathy score =8 at C7D1. Overall (combining all categories), our dosing
strategy for paclitaxel resulted in 61% fewer simulated patients with a neuropathy score =8
at C7D1 compared to no dose reduction (Figure 2).
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For nab-paclitaxel, skipping D8 doses in C4, C5, and C6 resulted in only 35% of category 2
patients with a neuropathy score =8 at C7D1 (Table S2). For category 3, skipping D8 doses
along with 30% reduction of remaining doses resulted in the target of at least 30% fewer
patients with a neuropathy score =8 at C7D1. For category 4, skipping D8 doses with 50%
reduction of remaining doses was required. Overall (combining all categories), our dosing
strategy for nab-paclitaxel resulted in 48% fewer patients with a neuropathy score >8 at
C7D1 compared to no dose adjustment (Figure 2).

For ixabepilone, skipping D8 doses in C4, C5, and C6 resulted in 71% of category 2
simulated patients with a neuropathy score =8 at C7D1 (Table S3). For categories 3 and 4,
even skipping D8 doses along with 50% reduction of remaining doses did not achieve the
target 30% reduction. When no doses were administered to the simulated patients in C4, C5,
and C6, there were only 17% and 70% with neuropathy score =8 at C7D1 in categories 3
and 4, respectively. Overall (combining all categories), our dosing strategy for ixabepilone
resulted in 35% fewer patients with a neuropathy score =8 at C7D1 compared to no dose
adjustment (Figure 2).

Figure 3 shows the distribution of simulated neuropathy scores with and without the
recommended dose adjustments stratified by C4D1 neuropathy score. For patients with
higher scores at C4D1, reducing the dose (in the cases of paclitaxel and nab-paclitaxel) or
discontinuing the drug (in the case of ixabepilone) resulted in lower neuropathy scores at
C7D1.

Discussion

We used a dose-neuropathy model to demonstrate how a personalized dosing strategy can be
used to decrease the severity of neuropathy in patients receiving neurotoxic chemotherapy
for metastatic breast cancer. If validated when compared to usual care, the proposed
algorithm would provide oncologists with a quantitative method for making dose
adjustments. The approach has the potential to preserve the quality of life and functionality
of patients, while allowing them to continue to receive drugs that are effective. It is
noteworthy that modeling and simulation studies have growing importance in drug approval
and labeling, highlighted by the example of the nivolumab label change to include every 4
weeks’ dosing.13.14

The end of 3 cycles (12 weeks) was identified as the optimal early time point that could
predict the future severity of neuropathy, with a predictive accuracy of 75% to predict
neuropathy after 6 cycles. Furthermore, the false-positive rate is only 12%, indicating that
oncologists would unnecessarily reduce the dose in only 1 of every 8 patients. There are no
baseline risk factors that are known to have this level of predictive accuracy.® Oncologists
often order a computed tomography scan to assess the response to therapy after 3 cycles, so
this is an ideal time to make dose adjustments if the drug is going to be continued.

The first 3 cycles of data on neuropathy can be used to guide dose adjustments that are
aimed at decreasing the severity of neuropathy at later time points. Our recommended dose-
adjustment algorithm shows that, for some patients, omitting the D8 dose (with or without a
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reduction in doses on D1 and D15) can substantially reduce the severity of neuropathy at a
later time point. This is a patient-friendly approach, as it results in 33% fewer trips to the
infusion center. There are some patients, such as those on ixabepilone with high neuropathy
scores after 3 cycles, for which permanent discontinuation of the drug is the recommended
strategy, and it is noteworthy that the neuropathy is partially reversible when the drug is
discontinued. In those cases, the patient and oncologist would need to discuss alternate
therapies. Although the work here has highlighted dose adjustments after C3, the same
model and additional observed data could guide adjustments after C6 or at other time points.

Patients and oncologists are likely to have concerns about reducing doses of effective
therapies without any guarantee of similar efficacy at lower doses. While this is a valid
concern, in the status quo, empirical dose adjustments are implemented for severe toxicity,
often when it is already too late for dose adjustments to make a substantial difference. It is
possible that patients with prospective dose adjustments to mitigate neuropathy could
continue effective therapy for a longer period of time.

The approach used in this study is unique compared to dose adjustment algorithms that have
previously been proposed. For example, a pharmacokinetic-based dosing algorithm to
manage neuropathy based on time of paclitaxel concentration >0.05 umol was proposed.1®
This dosing algorithm was developed in 200 patients with various solid malignancies,
primarily esophageal cancer (72.5%). Neuropathy was measured using the Common
Terminology Criteria for Adverse Events version 4.0, and there was no information on time
at which neuropathy occurred. The proposed dosing algorithm reduced the incidence of
grade =2 neuropathy from 9.6% of patients to 4.4%. However, in CALGB 40502, the
proportion of patients with grade 2 and grade 3 neuropathy (by Common Terminology
Criteria for Adverse Events version 4.0) in the paclitaxel arm were 28% and 17%,
respectively.® The higher proportions of patients with grade 2 and 3 sensory neuropathy may
be attributed to the different patient population and differences in the dosing of paclitaxel in
CALGB 40502 compared to the previous study.12 Furthermore, from an implementation
standpoint, it may not be practical to draw pharmacokinetic samples and adjust doses based
on results that come back days later.

There are several limitations to our approach. The first limitation is that we compared the
proposed dose-adjustment algorithm to no dose reduction, whereas usual care is for
oncologists to make dose reductions based on their clinical judgment (and for reasons other
than neuropathy). Second, the feasibility of using the algorithm in clinical practice and the
impact of the proposed dose adjustments on observed neuropathy and efficacy are unknown.
Therefore, the strategy needs to be prospectively evaluated in a randomized trial of usual
care vs the dose-adjustment algorithm with a primary end point of neuropathy score and
secondary efficacy end points. Third, the algorithm is based on 4 questions from the
FACT/GOG neurotoxicity scale, so its utility would be limited to settings in which these
patient-reported outcome data can be collected. Fourth, the choice of a 30% reduction in risk
of a neuropathy score =8 compared to no dose reduction is arbitrary, and the algorithm might
be different if another threshold (such as 20% or 50%) had been chosen. Finally, the
proposed algorithm may not apply to other populations or to patients who are being treated
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on a different dose/schedule of these drugs, as the baseline risk and dose-neuropathy
relationship may be different in those scenarios.

Conclusions

We have proposed a dose-adjustment algorithm for neurotoxic chemotherapy drugs in
patients with metastastic breast cancer that has the potential to reduce the severity of future
neuropathy in individual patients. This approach warrants prospective validation in
comparison to usual care.
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Please circle or mark one number per line to indicate your response as it applies to the past 7

days.

ADDITIONAL CONCERNS -\':;] at
wex | T have numbness or tingling inmy hands. ... 0
v | Thave numbness or tingling in my feet.................. 0
wix | I feel discomfortinmyhands............................... 0
Bl 1feldiscomfortmmyfeet.... oo 0
x| Thave joint pain or muscle Cramps ...........coooevurreereeeeene. 0
2 Ifeelweak all OVeT ... 0
vt | Thave trouble hearing............oovomoommiomiiecceen, 0
i | T get aninging or buzzing in my €ars...........cocooeeeueuuenene 0
i | Thave trouble buttoning buttons ... 0
x| Thave trouble feeling the shape of small objects when

heyaemmyband. . s 0
Aes I have trouble walking...............ccooooomoemeoiceeeeceeee. 0

Figure 1.

FACT/GOG neurotoxicity scale for neuropathy.
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No dose
reduction
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C

Ixabepilone

Neuropathy
score on C4D1

o

)
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reduction

Skip D8 dose in
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therapy
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therapy

35% fewer patients with neuropathy score 2 8 on C7D1

Figure 2.

Proposed neuropathy dose-adjustment algorithm for (A) paclitaxel, (B) nab-paclitaxel, and
(C) ixabepilone. Dose reduction or discontinuation scenarios were chosen for the algorithm
such that the predicted proportion of patients with a neuropathy score =8 on C7D1 is at least
30% fewer compared to no dose reduction. C, cycle; D, day.
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Figure 3.
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Comparison of neuropathy scores (labeled CIPN scores) after no dose reduction in C4, C5,
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and C6 vs the proposed dose-adjustment algorithm in patients with a predicted neuropathy
score =8 at C7D1, stratified by C4D1 neuropathy scores.
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