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Preface

When one of us was approached by Springer, to edit a book concerning
chemotherapy-induced peripheral neuropathy (CIPN), the initial thought was to
pass on this opportunity, given other competing priorities. However, understanding
that this was an important topic and that no similar product was available, this
proposal was further considered.

This further consideration led to a decision that the book might benefit from
having two co-editors, as opposed to having only a single editor. When one of us
approached the other, it was an easy decision for both of us, as we have worked, and
are working, together on a number of other projects.

Both of us have been intimately involved with Multinational Association for
Supportive Care in Cancer (MASCC) for a long period of time, including leading the
Neurologic Complications Working Group for this association. This led to making
this a MASCC-supported book.

The goal of the book was to provide a broad overview of CIPN, covering topics
related to the natural history of CIPN, risk factors that predisposed patients to
develop CIPN, means of diagnosing and evaluating clinical CIPN, basic science
research regarding both the prevention of CIPN and the treatment of established
CIPN, clinical research regarding both the prevention of CIPN and the treatment of
established CIPN, physical and occupational therapeutic approaches to CIPN,
understanding the patient perspective, and thoughts regarding future directions.

We hope that readers find this book to be helpful.

New Haven, CT Maryam Lustberg
Rochester, MN Charles Loprinzi
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Natural History of Chemotherapy-Induced
Peripheral Neuropathy 1
Andreas A. Argyriou, Aakash Desai, and Charles Loprinzi

Abstract

Chemotherapy-induced neuropathy, ranking among the most common toxic
neuropathies, primarily affects the sensory nerve modalities. Taxanes and
oxaliplatin commonly cause an acute pain problem, something that presents
soon after each individual dose and then generally improves over a course of
days. In addition, these drugs and several other neurotoxic chemotherapy drugs
commonly cause a more gradually appearing and more chronic neuropathy that
primarily involves distal extremities. There are a number of similarities regarding
the peripheral neuropathy caused by many chemotherapy drugs, noting that there
are some distinct differences in them, also. When neurotoxic chemotherapy is
stopped, neuropathy problems often improve. However, neuropathy can become
a prominent problem for years, in some patients, leading to marked disabilities.
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1.1 Introduction

This chapter discusses the natural history of chemotherapy-induced neuropathy,
caused by a number of chemotherapy agents. It starts with acute neuropathy troubles
and then discusses the more problematic chronic neuropathy caused by these drugs.

1.2 Natural History of Acute Chemotherapy-Induced
Neuropathy

1.2.1 Oxaliplatin-Induced Acute Chemotherapy-Induced
Neuropathy

Together with the typical late, dose-dependent effects of platinum compounds,
oxaliplatin is also able to induce acute neurotoxic effects in the majority of cancer
patients during exposure to oxaliplatin-based chemotherapy at a dose ranging from
85 to 130 mg/m2 [1, 2]. Acute oxaliplatin-induced peripheral neurotoxicity is
typically characterized by the rapid onset of cold-induced paresthesias and/or
dysesthesias in distal limbs, i.e., hands and feet, but also in the oropharynx, involv-
ing the perioral, pharyngeal and laryngeal regions. Oropharyngeal paresthesias can
be triggered by consumption of cold beverages. According to data of large prospec-
tive studies, focusing on deciphering the incidence and clinical phenotype of
oxaliplatin neuropathy, the symptoms of acute sensory oxaliplatin neuropathy in
the distal hands and feet as well as in the oropharyngeal regions can be present in up
to 95% of oxaliplatin-exposed patients at a dose of 85 mg/m2 [3].

Apart from these cold-induced sensory symptoms, other less common symptoms
of the acute, abnormal hyperexcitability state of peripheral sensory and motor nerve
fibers, which remain unrelated to cold exposure, are encountered in a significant rate
of oxaliplatin-exposed patients. According to the results of a prospective, multicen-
ter study that sought to assess the incidence of uncommon acute oxaliplatin neuro-
toxicity symptoms in 100 colorectal cancer patients undergoing oxaliplatin-based
chemotherapy [4], it was evident that among 84 patients experiencing acute
oxaliplatin neuropathy, 45 (54.9%) also presented shortness of breath (32%), jaw
spasm (26%), fasciculations (25%), cramps (20%), and difficulty in swallowing
(18%). Voice (4%) and visual changes, ptosis, and pseudolaryngospasm (1%)
have also rarely been reported. In particular, jaw spasms and cramps tended to
have a paroxysmal character with attacks lasting from 1 to 5 min. Nonetheless, the
intensity of symptoms was not strong enough to significantly interfere with function
and/or to require chemotherapy dose modifications, thoroughly highlighting the
relatively benign nature of acute oxaliplatin neuropathy in the majority of patients.

To date, the recording of the incidence and intensity of acute oxaliplatin neurop-
athy remain challenging, as there is no uniform definition, with different studies
using different assessment tools. An oxaliplatin neuropathy questionnaire is a
descriptive questionnaire in a yes/no response format, investigating the frequency
of the 11 most common hyperexcitability symptoms of acute oxaliplatin neuropathy
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(Table 1.1). The severity of acute oxaliplatin neuropathy is scored based on the
number of symptoms reported by the patients at each clinical assessment; the
increased number of acute symptoms is considered an expression of an increased
severity of acute oxaliplatin neuropathy. According to this tool, the severity of acute
oxaliplatin neuropathy is classified as grade I (1–2 symptoms), grade II (3–4
symptoms), grade III (5–8 symptoms), and grade IV (9–11 symptoms). This assess-
ment tool has been successfully used in various prospective studies or clinical trials
enrolling oxaliplatin-treated patients [5, 6]. The oxaliplatin Sanofi Specific Scale
(OSSS) is another outcome measure that has been used in the research setting of
clinical trials [7]. Briefly, this tool measures the intensity of oxaliplatin-related
paresthesias/dysesthesias in 0–4 score grading (Table 1.2); notably without taking
into account the remaining nine hyperexcitability symptoms of acute oxaliplatin
neuropathy. A modification of OSSS, coined as the oxaliplatin-specific Levi’s scale

Table 1.1 Description of the oxaliplatin neuropathy questionnaire

Symptoms Absent Present

Cold-induced perioral paresthesias 0 1

Cold-induced pharyngolaryngeal dysesthesia 0 1

Shortness of breath 0 1

Difficulty swallowing 0 1

Laryngospasm 0 1

Muscle cramps 0 1

Jaw stiffness 0 1

Visible fasciculations 0 1

Voice changes 0 1

Ptosis 0 1

Ocular changes 0 1

Total (sum):

Table 1.2 Description of the oxaliplatin Sanofi Specific Scale (OSSS) and oxaliplatin-specific
Levi’s scale

Grading Oxaliplatin Sanofi Specific Scale Oxaliplatin-specific Levi’s scale

0 No symptoms No symptoms

1 Paresthesias/dysesthesias of short duration
that resolve and do not interfere with
function

Paresthesias/dysesthesias (induced by
cold) with complete regression within
1 week

2 Paresthesias/dysesthesias, interfering with
function, but not activities of daily living

Paresthesias/dysesthesias (induced by
cold) with complete regression within
21 days

3 Paresthesias/dysesthesias with pain or with
functional impairment that also interferes
with daily living

Paresthesias/dysesthesias with
incomplete regression at day 21

4 Persistent paresthesias/dysesthesias that are
disabling or life-threatening

Paresthesias/dysesthesias with
functional consequence

1 Natural History of Chemotherapy-Induced Peripheral Neuropathy 3



(Table 1.2), has also been used in neuroprotective trials assessing the severity of
acute oxaliplatin neuropathy and its impact on functional ability [8, 9].

In any case, clinical practice shows that the vast majority of affected patients are
usually able to complete the treatment plan without oxaliplatin dose modification. As
such, acute oxaliplatin neuropathy attracts less attention and is considered of inferior
clinical importance than the chronic form as it is usually transient and reversible
within 48–72 h in most patients, although there is evidence of its attenuation in both
duration and severity with repeated exposure to oxaliplatin and high cumulative
oxaliplatin doses [10]. The latter view is supported by the results of a study on
346 patients treated with FOLFOX, in which 308 (89%) experienced at least one
symptom of acute oxaliplatin neuropathy within the first cycle with a peak at day
3, later improvement, and incomplete remission between subsequent treatment
courses. Notably, the results of this study also showed that despite the typically
transitory character of acute oxaliplatin neuropathy symptoms, patients with more
severe acute neuropathy during the first cycle of therapy are also those who will
develop more severe chronic neurotoxicity [11]. This relationship was subsequently
replicated from the results of a large prospective study on 200 oxaliplatin-treated
patients for colorectal cancer, which showed that those patients with more symptoms
of acute OIPN are more liable to develop more severe chronic neurotoxicity
[12]. Results, all together, point at the higher susceptibility of some individuals
with more severe acute oxaliplatin neuropathy to chronic peripheral nervous system
damage. However, despite the results of studies demonstrating that patients with
alterations of axonal excitability in early oxaliplatin treatment are more prone to
developing dose-limiting neurotoxicity, a direct causal relationship between the
degree of acute nerve dysfunction and the development of chronic neurotoxicity
[13] cannot be definitely stated at this time.

The relevance of documenting the latter association is deemed crucial in order to
accurately define whether the incidence and intensity of acute oxaliplatin neuropathy
at early stages might be used as a clinical predictor for selecting patients who may
benefit from neuroprotective strategies against the chronic form of oxaliplatin
neuropathy, as previously suggested by studies using clinical or neurophysiological
examination with nerve excitability and quantitative sensory testing [13–15].

The above-described clinical phenotypic characteristics of acute oxaliplatin neu-
ropathy provide significant clues for comprehending its pathogenetic hallmarks.
Overall, the rapid onset and transient nature of acute oxaliplatin neuropathy, over
a few days, point towards a functional source of peripheral nerve damage as a result
of a reversible interplay between cellular targets, such as ion channels.

Specifically, abnormalities in ion channels can evoke spontaneous (ectopic)
discharge, repetitive firing, and overall neuronal hyperexcitability at sensory Aβ
fibers conducting light touch. This effect is attributable to a reduction of the action
potential initiation threshold. As such, the shift of damaged afferent neurons into
hyperexcitability states is not due to synaptic actions, but rather to an increase in the
intrinsic electrogenic properties of the neuronal membrane [16]. It is widely
acknowledged that sodium channels play a major role in the generation of acute
painful oxaliplatin neuropathy effects by determining neuronal excitability, rather
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than by affecting synaptic action [17, 18]. The latter theory is supported by evidence
showing that oxaliplatin neuropathy-associated altered axonal refractoriness has
been linked to axonal nodal voltage-gated sodium channel dysfunction and slowing
in the kinetics of sodium channel inactivation; this effect may be exacerbated by
exposure to cold [13, 19, 20].

Conversely, the cold-unrelated acute syndrome of jaw tightness, cramps, and
spasms after oxaliplatin exposure, clinically resembling neuromyotonia or Isaac’s
syndrome, occurs as a hallmark of motor nerve hyperexcitability
[21]. Neuromyotonia is clinically manifested with muscle cramps, spasms, and
fasciculations as a result of muscular hyperactivity due to impairment of voltage-
gated potassium channels [22]. In view of these clinical similarities between acute
oxaliplatin neuropathy and neuromyotonia, it is strongly suggested that oxaliplatin
interacts with neuronal or muscular ion channels located in the cellular membrane,
thus generating neurotoxicity [21, 23]. Nonetheless, the abnormalities in sodium
rather than in potassium channel kinetics play a pivotal role in modulating the
severity of acute oxaliplatin neuropathy [24].

Studies applying neurophysiological methods, such as nerve excitability tests, are
in keeping with the above-described pathogenetic mechanism of acute oxaliplatin
neuropathy genesis, based on ion channel-interference [17, 25]. However, although
the major clinical hallmark of acute oxaliplatin neuropathy consists of cold-induced
sensory symptoms attributable to abnormalities in neuronal excitability, there is
evidence from axonal excitability techniques that motor nerves demonstrate a
much more increased refractoriness and reduced super excitability, associated with
slowing or inactivation of the nodal voltage-gated sodium channel, compared to
sensory axons [26]. Finally, both motor and sensory nerve acute excitability changes
have been shown to be associated with alterations in sodium channel function
[26, 27], thereby bolstering the view that sodium channel abnormalities are of
paramount importance in mediating acute oxaliplatin neuropathy.

1.2.2 Taxane-Induced Acute Neuropathy

An acute pain syndrome after taxane exposure (TAPS) is a distinct form of nerve
pathology and has a completely different clinical phenotype than that of classical,
chronic, and dose-dependent taxane-induced peripheral neurotoxicity (TIPN). For
years, the TAPS was described as being diffuse myalgias/arthralgias, as the
symptoms were predominantly manifested in shoulder, hip, and paraspinal regions,
noting that less prominent symptoms were also observed in more distal muscles. The
symptoms occur in the week following the first taxane administration, often starting
2–3 days after chemotherapy onset and lasting for 5–7 days before complete resolu-
tion [28]. Patients commonly describe TAPS as having an “aching,” “shooting,”
“stabbing,” or “pulsating” character [29] while generally the burning, neuropathic
component of pain is lacking during the acute constellation of TAPS symptoms
[30]. It was not until 2007, 14 years after paclitaxel had been commonly used in
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clinical practice, when this pain syndrome was claimed to be a form of acute
neuropathy, as opposed to being a manifestation of muscle or joint pathology [30].

The incidence of TAPS greatly varies, mainly in relation to the specific taxane
compound [31]. The grading of TAPS severity has not been commonly assessed well
as it has not been well described by commonly used National Cancer Institute
Common Terminology Criteria for Adverse Events (NCI CTCAE), where such
may be assessed as myalgias and arthralgias (Table 1.3), because this is how it
initially was described. The same situation applies to other various patient reported
quality of life tools, including the Brief Pain Inventory or the cancer-specific quality
of life questionnaire, QLQ-C30, developed by the European Organization for
Research and Treatment of Cancer (EORTC), which includes five functions, nine
symptoms, and a global health status. The use of the above-mentioned outcome
measures is generally problematic as it is associated with significant inter-observer
disagreement and with underestimation of TAPS incidence and severity. Having said
this, there is an available tool that has been used to describe and measure this
neuropathy syndrome, by patient reported outcome (PRO) means [11, 32–
34]. This PRO consists of patients completing questionnaires daily for 5 days after
each paclitaxel dose.

Nonetheless, depending on various risk factors, there is evidence that up to 90%
of taxane-treated patients may develop TAPS [35]. TAPS generally occurs more
frequently with paclitaxel than with docetaxel or nab-paclitaxel treatment and is
more frequent with higher dosages and shorter drug infusion duration [36, 37]. The
incidence of TAPS with paclitaxel depends on several clinical oncological
parameters, related to both schedule and disease stage [38]. Specifically, weekly
paclitaxel schemes seem to evoke less frequent and/or intense TAPS than the three-
weekly regimens [33], most certainly because a much higher paclitaxel dose is given
with the 3-weekly regimen. Moreover, the infusion rate appears to also play a role,
with longer paclitaxel (140 mg/m2) infusion, over 96 h, being associated with TAPS
to a lesser extent compared to paclitaxel (250 mg/m2) given over 3 h. Finally,
paclitaxel-treated patients in the metastatic setting appear to be more liable to
manifest TAPS compared to their counterparts who are treated in the adjuvant
setting [31].

In comparison to paclitaxel, TAPS after docetaxel exposure is estimated to occur
in up to 70% of patients, with higher dosing of 100 mg/m2 being more harmful than

Table 1.3 Grading of myalgias and arthralgias using the National Cancer Institute Common
Terminology Criteria for Adverse Events (NCICTCAE)

CTCAE term Grade 1 Grade 2 Grade 3

Arthralgias (discomfort in a
joint)

Mild
pain

Moderate pain; limiting
instrumental activities of daily
living (ADL)

Severe pain;
limiting self-
care ADL

Myalgias (discomfort
originating for a muscle or a
group of muscles)

Mild
pain

Moderate pain; limiting
instrumental ADL

Severe pain;
limiting self-
care ADL

6 A. A. Argyriou et al.



75 mg/m2 every 3 weeks and use of the EC-D regimen (epirubicin + cyclophospha-
mide followed by docetaxel) being safer than FEC-D (5-fluorouracil-epirubicin-
cyclophosphamide followed by docetaxel) in terms of TAPS incidence and severity
[39]. However, contrary to the paclitaxel-associated syndrome, docetaxel-treated
patients in the adjuvant setting are at higher risk of developing more severe TAPS
than patients with metastatic disease [40, 41]. Finally, nab-paclitaxel evokes TAPS
in up to 45% of exposed patients and this effect appears to remain unrelated to the
treatment setting (neoadjuvant vs adjuvant vs metastatic) or the administered scheme
of weekly vs every 2 weeks [31]. Other risk factors, including the cancer type and
concurrent agents such as corticosteroids and G-CSF use, may also affect the
development of TAPS. Specifically, there is evidence of an increased TAPS inci-
dence in castrate-resistant patients with prostate cancer when corticosteroids were
not concurrently used with taxane-based chemotherapeutic regimens [31].

Generally, the incidence of TAPS might reach the “clinically significant” level
but rarely causes treatment cessation. This view is advocated by the results of a
multicenter, prospective, non-randomized study assessing the incidence and
characteristics of TAPS in taxane-treated patients with breast (n ¼ 66) or prostate
(n ¼ 9) cancer [31]. A total of 33/75 (44%) experienced TAPS either after the first
cycle of taxane or after infusion of a subsequent chemotherapy treatment. However,
TAPS was not severe enough to necessitate change in the treatment plan. It is notable
that the vast majority of patients in this trial received docetaxel, known to cause less
TAPS than paclitaxel.

As mentioned earlier, TAPS is clinically quite distinct from TIPN and has
different temporal profiles. However, comparison of data from 176 paclitaxel-treated
patients showed that a more pronounced TAPS can predispose to subsequent chronic
TIPN [11]. The assumption of a causal relationship between TAPS and chronic
TIPN was further suggested by the results of a study challenging the association
between the severity of TAPS and eventual peripheral neuropathy symptoms in
81 cancer patients who were scheduled to receive paclitaxel and carboplatin every
3 weeks. The results showed that worse TAPS severities predispose to a more severe
chronic TIPN, thoroughly supporting the view that TAPS is a form of nerve
pathology [32], possibly as a result of sensitization of nociceptors, their fibers, or
the spinothalamic system [30].

Tellingly, from the pathogenetic point of view, TAPS is likewise quite distinct
from the dose-dependent chronic TIPN. Neuroinflammation via rapid infiltration of
macrophages within DRG and peripheral nerves seems to be an important aspect of
TAPS genesis [42]. In line with the latter view, there is evidence demonstrating that
activation of the inflammatory pathways may be responsible for the genesis of
neuropathic pain induced by paclitaxel and can also mediate structural axonal
damage. Furthermore, paclitaxel seems to be able to increase sphingosine
1-phosphate receptor (S1P) and ceramide levels in astrocytes of the dorsal horn
spinal cord [43]. It is anticipated that greater elucidation and a more in-depth
understanding of the pathological mechanisms underlying TAPS would allow the
identification of a mechanistic basis of symptomatic TAPS improvement.

1 Natural History of Chemotherapy-Induced Peripheral Neuropathy 7



1.3 Natural History of Chronic Neuropathy

Chronic CIPN can be defined as a clinical syndrome characterized by a dose-related,
persistent (at least two subsequent cycles without a “symptoms free” interval),
syndrome with symmetrical distal painful and/or non-painful paresthesia and
dysesthesia. With respect to chronic neuropathic pain related to chemotherapy, the
syndrome is often termed chemotherapy-induced peripheral neurotoxicity (CIPN). It
is labeled as “peripheral” since it is a peripheral nervous system problem, as opposed
to being a central nervous system problem [10].

CIPN may initially manifest itself after the early doses of neurotoxic chemother-
apy in some patients while it may not become apparent until a patient has received
multiple doses of neurotoxic chemotherapy in most patients. When it occurs, it
generally does not wax and wane, as occurs with acute neuropathy (described
above). Rather, it tends to persist between doses of chemotherapy and generally
worsens with the continuation of chemotherapy. When the neurotoxic chemotherapy
is stopped, the chronic neuropathy symptoms generally persist for some time. With
prolonged treatment the neuronopathy can eventually evolve in a non-length-depen-
dent pattern with evidence of sensory ataxia, severe gait deficit, and increased
liability to falls [44, 45]. While it may improve in the months following neurotoxic
chemotherapy completion, it can persist for years in many patients.

Patients with chronic CIPN usually complain about distally attenuated painful or
painless paresthesias and dysesthesias in hands and feet in a stocking-and-glove
distribution. Proportional to sensory loss, there is clinical evidence of altered propri-
oception and suppression and/or abolishment of deep tendon reflexes. Motor and
autonomic modalities are rarely affected. Data are available from a trial which
involved patients with substantial peripheral neuropathy who had previously
received taxanes (49%), oxaliplatin (44%), carboplatin/cisplatin (20%), vinca
alkaloids (8%), thalidomide (3%), or a combination of these drugs [45]. Virtually
all patients with pain had substantial numbness and tingling. Symptoms in these
patients were more severe in lower extremities, then upper extremities. Among all
the patients studied in the trial designed to treat this chronic symptom, it was found
that numbness and tingling were more problematic issues than was pain (Fig. 1.1).
This may be why duloxetine has limited effectiveness for treating established CIPN,
as duloxetine appears to mainly provide analgesia, as opposed to impacting upon
numbness/tingling symptoms [46].

Although multiple publications have addressed the natural history of CIPN
development related to a number of neurotoxic chemotherapy agents, it has been
difficult to compare and contrast the natural history of CIPN for these different
drugs, given the variety of outcome measures that neuropathy has been evaluated in
these trials. However, over the last few years, an ongoing effort has been underway
to evaluate the natural history of CIPN for a variety of drugs, utilizing the same
instrument in each situation: the EORTC CIPN 20. This tool was used at baseline
and serially after therapy initiation for the following drug regimens: weekly pacli-
taxel, paclitaxel/carboplatin, oxaliplatin, and cisplatin. In addition, the same instru-
ment was utilized to evaluate patients receiving doxorubicin/cyclophosphamide as a
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curative-intent treatment for breast cancer [47]. The reason for evaluating the use of
this tool in this latter situation is because this regimen does not cause neurotoxicity
and it was desired to understand what this tool would read in patients receiving
non-neurotoxic chemotherapy. The results from this evaluation demonstrated that
there were not any substantial changes in CIPN 20 scores in patients receiving
chemotherapy that did not cause neurotoxicity, illustrating its ability to measure
neuropathy problems, as opposed to generalized toxicity from chemotherapy [47].

The first publication in this series dealt with patients receiving weekly paclitaxel
at a dose around 80 mg/m2, a standard adjuvant therapy for patients with breast
cancer [28]. This work illustrated that the neuropathology related to this therapy was
mostly related to sensory deficits (having a worsening of 23 points) more than motor
neuropathy (12 point worsening) or autonomic neuropathy (6 point worsening;
p < 0.03). Similarly, to what was seen in patients with established CIPN, discussed
above, numbness and tingling were closely related to each other and both were much
more prominent than was pain. Data from another trial reported similar findings
[48]. Both during the time while chemotherapy was administered and for 6 months
thereafter, numbness, tingling, and pain symptoms were more prominent in lower
extremities, than upper extremities, in keeping with length-dependent peripheral
nerve damage (Fig. 1.2).

The next publication in this series reported on patients receiving paclitaxel and
carboplatin, at 3 week intervals [32]. Noting that paclitaxel is thought to be the most
neurotoxic component of this regimen, as opposed to carboplatin, similar results
were seen in this trial, compared to the previously described study. Sensory neurop-
athy was more problematic than was motor or autonomic neuropathy; additionally,

Shooting/Burning

Percentage of patients with advanced CIPN reporting “quite a bit”
or “very much” shooting/burning, numbness and tingling on the 
EORTC CIPN20 sensory subscale

Numbess

Tingling

0 20 40

%

60 80

Feet
Hands

100

Fig. 1.1 Illustration of significant numbness, tingling, and shooting/burning pain in patients with
substantial CIPN [45]
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numbness and tingling, not pain, were the most common clinical components
comprising the clinical phenotype of the sensory peripheral neurotoxicity.

Next, the natural history of oxaliplatin-based peripheral neurotoxicity was
evaluated in a comparable manner [11, 49]. Findings were similar to what was
seen with the prior two agents, with regard to oxaliplatin causing a predominant
sensory chronic neuropathy with numbness and tingling being much more common,
than pain; although there were some interesting differences between oxaliplatin and
the paclitaxel-based regimens. One of these differences was that, while the patient
was actively receiving oxaliplatin, their symptoms were more prominent in the upper
extremities, as opposed to the lower extremities. After completion of active
oxaliplatin therapy, the upper extremity symptoms improved more quickly, so
that, in the months after finishing oxaliplatin therapy, sensory symptoms were
more prominent in lower extremities. Another interesting contrast related to neurop-
athy symptoms in the first 3 months following cessation of neurotoxic chemother-
apy. While symptom changes varied from person to person in both groups, on
average, paclitaxel-based neuropathy improved in the 1st month following therapy
cessation.

In contrast, oxaliplatin-treated patients, on average, had a worsening of their
sensory neuropathy for about 3 months after oxaliplatin was stopped. This phenom-
enon has been called a coasting phenomenon. Previous reports had suggested that
some patients did not get neuropathy until they stopped their oxaliplatin, with the
implication that stopping the oxaliplatin actually caused the neuropathy. However,
in this study, the slope of worsening neuropathy was similar in the 3 months prior to
oxaliplatin cessation, when compared to the 3 months following oxaliplatin
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cessation. This is consistent with the notion that it takes 3 months, after each dose,
for oxaliplatin-induced neuropathy to be fully manifested.

In 2020, a manuscript added cisplatin to the list of similarly evaluated agents,
with regard to CIPN [47]. This revealed that cisplatin-induced neuropathy was more
similar to oxaliplatin-induced neuropathy than it was to the neuropathy seen in
patients who received paclitaxel. This makes sense, as they are both platinum
compounds. Cisplatin, interestingly, does not evoke acute neurotoxicity resembling
the typical oxaliplatin-induced acute effects. There were similarities between the two
drugs, including the coasting phenomenon and that upper extremity symptoms are
more prominent than lower extremities during the weeks of ongoing chemotherapy.
In this study, cisplatin-induced neuropathy symptoms were less severe than were
seen with paclitaxel or oxaliplatin. This might have been because the patients
receiving cisplatin, in this trial, were younger males being treated for testicular
cancer. After cisplatin was stopped, motor and autonomic neuropathy symptoms
improved almost back to baseline. For sensory neuropathy symptoms, lower extrem-
ity numbness and tingling were the most problematic symptoms, 1 year following
cisplatin cessation.

Vincristine, bortezomib, and thalidomide are other neurotoxic chemotherapy
agents, commonly used for hematologic malignancies. Vinca alkaloids such as
vincristine and vinorelbine, like other anticancer drugs, evoke a sensory length-
dependent polyneuropathy [50]. Despite that, a distal, motor neuropathy, clinically
manifested with foot drop, is more common than other drug classes [51]. Rare
cranial neuropathy [52] (bilateral ptosis or abducens palsy [53]), autonomic involve-
ment (neurogenic bladder, reversible esophageal dysphagia [54], and paralytic ileus
[55]), and vocal cord paralysis [56] have also been reported. Vincristine is the most
neurotoxic type of the clinically available vinca alkaloids. It leads to the develop-
ment of a peripheral neuropathy, generally in patients who receive a cumulative dose
of>4 mg/m2 [57]. Usually, mild neurotoxicity subsides within 3 weeks of treatment
discontinuation, while the more severe forms resolve much more slowly and can
even persist for years [58]. However, off-therapy worsening of both neurotoxic
symptoms and signs, resembling the coasting phenomenon, might unexpectedly
occur in the first month after finishing vincristine therapy in up to 30% of patients,
being more prevalent in high intensity cumulative dose of 12 mg vincristine
[59]. Data from the HOVON-65/GMMG-HD4 trial, which evaluated mechanisms
of peripheral neuropathy-associated with bortezomib and vincristine in patients with
newly diagnosed multiple myeloma, showed that median time to development of
vincristine-induced peripheral neuropathy was 37 days (range 0–171) [60]. Twenty-
four percent of patients developed vincristine-induced peripheral neuropathy, with
7% developing grade 1 peripheral neuropathy before progressing to a higher grade.
When patients developed vincristine-induced peripheral neuropathy, vincristine was
generally discontinued and supportive treatments such as pregabalin were used in the
trial. Another vinca alkaloid, Vinorelbine has been found to be more tumor specific
and less toxic in comparison to vincristine [61]. Younger children tolerate relatively
higher dosage of vincristine and develop less severe VIPN compared to adolescents
and adults [62]. Also, Caucasian patients have greater incidence and severity of
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VIPN than African-American patients [63]. Lastly, patients with hereditary
neuropathies especially Charcot-Marie-Tooth (CMT) disease are also exceptionally
sensitive to VIPN.

Bortezomib (BTZ), commonly used for treating multiple myeloma, commonly
causes neuropathy [47]. This neuropathy usually becomes evident after 3–4 cycles of
treatment, peaking at cycle 5 (cumulated dose 45 mg/m2) followed by a plateau after
which it does not evolve thereafter [64–66]. A sudden or quick progressive rather
than gradual onset of severe neuropathy restricted to the first cycles has been
commonly reported [66–69]. The mechanism of bortezomib-induced peripheral
neuropathy is multifactorial with mitochondrial damage of dorsal root ganglia
[70], dysregulation of mitochondrial calcium homeostasis [71], autoimmune inflam-
mation [72], blockade of nerve growth factor mediated neuronal survival, and the
myeloma itself all playing a role [70–73].

As compared to other chemotherapy-induced neuropathies, bortezomib-induced
peripheral neuropathy (BIPN) portends a favorable outcome. The median time to
recovery is approximately 3 months [65]. In a study of 256 patients with relapsed/
refractory multiple myeloma treated with bortezomib, 35% of patients were found to
have treatment emergent neuropathy with 13% and 0.4% having grade 3 and grade
4 neuropathy, respectively [74]. Although severe neuropathy was more frequent in
the presence of baseline neuropathy, the overall occurrence was independent of
baseline neuropathy or type of prior therapy. Even though almost 70–80% of
patients recover, chronic painful peripheral neuropathy from bortezomib can be a
major issue negatively impacting the quality of life in some multiple myeloma
survivors.

A meta-analysis of four trials, involving a total of 911 patients receiving
bortezomib, demonstrated that subcutaneous treatment administration was
associated with a lower incidence of drug-induced neuropathy, compared to intrave-
nous administration (41.4% vs. 16%), without interfering with anti-neoplastic activ-
ity [75]. Another systematic review found that, compared to IV administration, SC
bortezomib had a significantly lower incidence of some all-grade or grade 3–4 AE,
such as peripheral sensory neuropathy ( p < 0.05) with no statistical difference in
1-year OS, 1-year progression free survival (PFS), or overall response rate (ORR)
between SC and IV bortezomib [76].

Thalidomide-induced CIPN can cause both sensory and motor axonal
polyneuropathies [77, 78]. Evidence exists that thalidomide causes mostly a sensory,
axonal, length-dependent polyneuropathy that presents as painful paresthesias or
numbness [79]. Observations of longitudinal cohorts of pediatric population showed
that motor involvement is more pronounced than in adults [77]. The onset of
thalidomide-induced peripheral neuropathy usually occurs at 12–24 weeks, with a
range of 2–60 weeks; the incidence increases from 38% at 6 months to 73% at
12 months [80]. Furthermore, the risk of neuropathy has been found to be related to
the daily dose, regardless of the treatment duration in some non-cancer settings
[81]. The neuropathy is usually reversible after discontinuation of treatment. Gener-
ally, grade 1 or 2 events are expected to subside after a median duration of 3 weeks of
treatment discontinuation [82].
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A multicenter trial of dose escalating thalidomide with or without interferon on
75 patients with relapsed/refractory multiple myeloma showed that for those
31 patients who developed neuropathy, the median time to peripheral neurotoxicity
onset was 24 weeks with incidence of 38% at 6 months and 73% at 12 months
[80]. In general, in children/adolescents undergoing prolonged therapy, longitudinal
clinical/neurophysiological monitoring is suggested [77]. Lenalidomide (at a dose of
30 mg orally or 15 mg twice daily [days 1–21 every 28 days]) has also been
associated with a similar profile but neurotoxicity is less frequent and less severe
than is seen with thalidomide [83–85].

Lastly, some other drugs, including ixabepilone, eribulin, and trastuzumab
emtansine, cause some peripheral neuropathy, although not to the degree of the
drugs noted above. Eribulin has been associated with a sensorimotor, mainly sensory
polyneuropathy. A post-marketing observational study reported that approximately a
quarter of patients receiving eribulin developed CIPN, being grade 1–2 in most
cases; most patients did not need to stop eribulin because of CIPN [86]. A meta-
analysis of large subset of patients revealed that the majority of patients receiving
eribulin only developed a low-grade/moderate neuropathy [87]. Eribulin-induced
neuropathy largely resolves 48 weeks off-therapy after eribulin cessation [82].

One clinical trial compared neuropathy associated with eribulin versus
ixabepilone in patients with metastatic breast cancer [88]. While the total incidence
of neuropathy was relatively similar with the two drugs (33% with eribulin and 48%
with ixabepilone), the median time until the onset of neuropathy was about 12 weeks
for ixabepilone versus 36 weeks for eribulin; fewer patients receiving eribulin
discontinued treatment due to neuropathy, compared to patients receiving
ixabepilone (3.9% vs. 18%). Many patients may stop these drugs due to disease
progression and therefore true long term toxicity profile is not known.

In conclusion, chemotherapy-induced neuropathy is mostly a sensory neuropathic
problem that usually presents in distal extremities. Some drugs, such as taxanes and
oxaliplatin, can additionally cause an acute pain problem that presents soon after
each individual dose and then tends to improve over a period of days. While there are
many similarities regarding the peripheral neuropathy caused by many chemother-
apy drugs, there are distinct differences in them, also. While neuropathy problems
tend to improve following chemotherapy cessation, such can be a prominent prob-
lem for years, in some patients.
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Predisposing Factors for the Development
of Chemotherapy-Induced Peripheral
Neuropathy (CIPN)

2

Daniel L. Hertz, Cindy Tofthagen, and Sara Faithfull

Abstract

This chapter summarizes the current knowledge of predisposing factors of CIPN
development. These predisposing factors can be classified as intrinsic (i.e.,
demographics, genetics) or extrinsic (i.e., lifestyle, neurotoxic treatment) to the
patient. Intrinsic factors that increase a patient’s CIPN risk include older age,
African American race, and diabetes. Other factors such as vitamin D deficiency
and genetics may also increase risk but have not been validated. Objective and
subjective indicators of CIPN prior to, or early in, treatment predict CIPN severity
at the end of treatment but this information is not consistently used to inform
patient management. Extrinsic factors including lifestyle and neurotoxic regimen
affect CIPN risk. Healthy lifestyle choices including physical activity and better
nutrition may protect against CIPN. The predominant predictor of CIPN is
cumulative treatment with a neurotoxic chemotherapeutic agent. Different
regimens have different CIPN risk, and in the case of paclitaxel there is strong
evidence that systemic drug exposure is a major contributor to CIPN. Further
research is needed to validate these predisposing factors and determine their
effect on CIPN onset, severity, and duration. Prospective studies are also needed
to test strategies to use these predictive factors to inform personalized treatment
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decisions to prevent severe, life altering CIPN and optimize long-term outcomes
in patients with cancer.

Keywords

Demographics · Lifestyle · Nutrient deficiency · Cumulative dosing ·
Pharmacogenetics · Pharmacokinetics · Biomarker

2.1 Introduction

CIPN risk factors could be used to identify patients who could consider less
neurotoxic treatment regimens or may benefit from enhanced CIPN monitoring.
Predisposing factors can generally be classified as intrinsic (i.e., demographics,
genetics) or extrinsic (i.e., lifestyle, neurotoxic treatment) to the patient (Fig. 2.1).
This chapter will summarize the current knowledge of predisposing factors. As with
most fields, this field is rapidly changing as more data are collected; future work will
advance our understanding of how these factors differ across patients or interact in
ways that are not currently understood. There is immense heterogeneity across
studies, including defining CIPN as a single phenotype or by its characteristic
subtypes of sensory, motor, autonomic, and painful neuropathy. CIPN can be also
be defined by different aspects of its timecourse including its onset trajectory,
maximal severity, or post-treatment duration, and biomarkers could be assessed at
various time points to predict this timecourse (Fig. 2.2). It is likely that different
biomarkers at different timepoints have different predictive effects on CIPN

Predictive Factors that May Increase Neuropathy Risk

INTRINSIC EXTRINSIC

LIFESTYLE

NUTRITIONCOMORBIDITIES

GENETICS
NEUROTOXIC TREATMENT
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Fig. 2.1 Predictive factors that may increase chemotherapy-induced peripheral neuropathy risk
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subtypes and timecourse, but there are insufficient data at this time since most studies
have used a general CIPN severity endpoint.

2.2 Intrinsic Factors

Intrinsic factors such as demographics, comorbidities, and genetics may be impor-
tant predictors of CIPN. In this section we will review the available data to identify
which of these factors could be used to identify patients with elevated CIPN risk.

2.2.1 Demographics

2.2.1.1 Age and Race
Patients who are over 60 years old when they receive neurotoxic chemotherapy are
more likely to experience CIPN [1–3], though differences in how older age (i.e.,>60
> 70) was defined make it challenging to estimate the magnitude of effect. There is
evidence that age effects duration more than severity [4]. The association with age
may be related to neurological aging and pre-existing conditions that impact an
individual’s recovery. Large studies of cancer survivors have confirmed the associa-
tion of age and CIPN [5, 6] and prospective longitudinal studies indicate that older
age increases post-treatment duration [1, 7]. The effect of age on CIPN may be
particularly pronounced within CIPN subtypes, as older patients have reported a
greater loss of cold sensation and sensory perception in their hands and feet [3]. Age
should be considered when making treatment decisions based on CIPN risk since
even mild-to-moderate CIPN can have substantive impact on quality of life in older
adults [8].

Race has been identified as a potential contributor to severity of CIPN. Analyses
of patient registries and prospective clinical studies have consistently reported that
patients who identify as African American have a higher CIPN risk [9–12].

There is also evidence that non-Chinese Asians, primarily from Malay and Indian
origin, may have a higher risk of CIPN than Chinese or Caucasian patients [7], but
more studies are needed to confirm this relationship.

2.2.1.2 Diabetes and Other Comorbidities
Many CIPN studies exclude patients with diabetes mellitus because diabetes causes
neurological damage, limiting our understanding of the impact of diabetes on CIPN
risk. A retrospective population database review found that patients with diabetes
had twice the odds of experiencing CIPN and this effect was concentrated in patients
with diabetic complications [5]. Obese patients also seem to have elevated CIPN risk
[13–18], as do patients with a higher overall comorbidity burden [19]. Thyroid
dysfunction, metabolic and infectious diseases (hepatitis B or C and poliomyelitis,
HIV) have been implicated in increasing CIPN [7, 20] whereas a large analysis
indicates that patients with autoimmune disease are about half as likely to experience
CIPN (OR ¼ 0.49, 95% CI: 0.24–1.02, p ¼ 0.06) [5].
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2.2.1.3 Neuropathy Prior to Treatment
Some patients with cancer have subclinical neuropathy prior to treatment [21, 22];
there is evidence that these patients have substantially higher CIPN risk (OR¼ 8.36,
95% CI: 1.74–40.13, p < 0.001) [7]. CIPN risk is also higher in patients with worse
pre-treatment neurological function [23] and touch sensation [24–26]. The mecha-
nism for this may be that patients with subclinical neuropathy have fewer Meissner
corpuscles in their tissues, which may reduce their ability to recover sensory levels
and cause more clinically overt CIPN [27].

2.2.2 Physiological Biomarkers

In addition to clinical variables, it may be possible to predict CIPN risk based on
physiological biomarkers including nutrients (Table 2.1) and genetics.

2.2.2.1 Nutrients
25-hydroxy vitamin D (vitamin D) and its metabolites have neuroprotective
properties [34] and vitamin D deficiency is involved with several etiologies of
neuropathy [35]. Low vitamin D levels prior to paclitaxel chemotherapy have been
associated with increased CIPN [29, 30]. This has also been reported in patients

Table 2.1 Summary of studies supporting nutritional deficiencies as predictors of CIPN

Nutritional
marker Cancer

Neurotoxic
agent(s) Study design n Major findings Ref

Vitamin D Multiple
myeloma

Bortezomib
and/or
thalidomide

Multi-center,
cross-
sectional

109 Vitamin D deficient
patients more likely to
have motor and
sensory CIPN

[28]

Vitamin D Breast Paclitaxel Case–control 70 Vitamin D levels were
significantly lower in
patients with CIPN

[29]

Vitamin D Breast Paclitaxel Observational 38 Vitamin D deficient
patients had a greater
increase in patient-
reported CIPN

[30]

Anemia,
Magnesium

Colorectal Oxaliplatin Retrospective 169 Incidence of CIPN
higher in patients with
pre-treatment anemia,
hypoalbuminemia, or
hypomagnesemia

[31]

Anemia,
Magnesium

Colorectal Oxaliplatin Descriptive 130 Anemia and
hypomagnesemia were
associated with greater
CIPN

[32]

Anemia Lymphoma Vincristine Retrospective
cohort

40 Anemia at baseline
was predictive of
severe CIPN

[33]
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treated with bortezomib or thalidomide [28], which is particularly interesting since
bortezomib decreases serum vitamin D [36]. Vitamin B12 deficiency, which can be
either a true deficiency or a functional deficiency [37], is another cause of
polyneuropathy that may play a role in CIPN. There are case series of patients
with functional vitamin B12 deficiency, whose CIPN improved from supplementa-
tion [37]; however, further studies are needed to determine the effects of B vitamins
on CIPN [29, 38]. Deficiencies in iron and folic acid contribute to the development
of anemia [39], which has been reported to be a risk factor for CIPN [31–33]. Intake
of magnesium, which supports neuromuscular function by reducing neuronal
excitability [40], has been associated with less CIPN in patients who received
oxaliplatin [31, 41] and capecitabine [41]. Low vitamin E levels before and during
cisplatin-based chemotherapy have also been associated with CIPN risk [42]. These
data have been used to justify prospective clinical trials, trials that have been
unsuccessful in demonstrating CIPN prevention from supplementation with cal-
cium/magnesium [43–45], vitamin E [46–51], omega-3 fatty acids [29, 52], acetyl-
l-carnitine [53–57], alpha-lipoic acid [58, 59], or glutamine [60–63]. Current
guidelines do not recommend any nutritional supplements or dietary interventions
for CIPN prevention or treatment [64].

2.2.2.2 Metabolomics and Proteomics
Metabolomics and proteomics are novel approaches for measuring an array of
compounds in a biofluid that may reflect nutritional and health status, and these
techniques could be used to discover CIPN biomarkers [65]. A metabolomics study
reported that patients with CIPN had low pre-treatment levels of three essential
amino acids; histidine, phenylalanine, and threonine [66]. Other small studies have
reported possible metabolomics signatures of vincristine-induced neuropathy [67]
and a proteomics signature of paclitaxel-induced neuropathy [68]. These omics-
based approaches may provide clues about nutritional interventions to reduce CIPN
risk, particularly in patients with pre-treatment deficiencies. However, routine use of
this approach has not been validated for routine use.

2.2.2.3 Genetics
Pharmacogenetics is the study of whether inherited variants, or polymorphisms, in
the germline genome affect response to medication. Pharmacogenetics studies often
investigate candidate polymorphisms in enzymes or transporters that may affect drug
concentrations or in genes involved in drug response (Table 2.2, Fig. 2.3). Alterna-
tively, pharmacogenetic analyses can use an omics approach to simultaneously test
many polymorphisms distributed throughout the entire genome in a genome-wide
association study (GWAS). Discovery-phase pharmacogenetic studies are typically
conducted with liberal statistical methodology and reported associations require
robust validation in multiple independent studies, prior to clinical translation. Unless
stated otherwise, the associations described in this section should be considered as
being in a discovery phase and should not be used to inform patient care.

Readers interested in a comprehensive review of CIPN pharmacogenetics studies
and their limitations are directed to this systematic review and meta-analysis [121].
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Pharmacogenetic predictors of paclitaxel-induced neuropathy have been exten-
sively studied [122, 123]. Early studies primarily focused on enzymes responsible
for paclitaxel metabolism, including CYP2C8. CYP2C8*3 may diminish paclitaxel
metabolic activity [124] and several studies suggest that patients carrying

Table 2.2 Candidate genes investigated for associations with CIPN

Drug Gene Mechanism References

Paclitaxel CYP2C8 Pharmacokinetics [9, 69–73]

CYP3A4/5 Pharmacokinetics [71, 74]

ABCB1 Pharmacokinetics [72, 75–77]

TUBB2A Drug mechanism [77, 78]

EPHA Hereditary neuropathy [72, 77, 79–83]

Docetaxel GSTP1 Reactive oxygen species [84–86]

VAC14 Hereditary neuropathy [87]

Platinums GSTP1 Pharmacokinetics [88–96]

ABCs Pharmacokinetics [97–99]

ERCC1/2 Drug mechanism [91, 100–105]

DCLRE1A Drug mechanism [106]

Vincas CYP3A5 Pharmacokinetics [107–111]

ABCB1 Pharmacokinetics [108–111]

CEP72 Drug mechanism [112–117]

Thalidomide CYP2C19 Pharmacokinetics [118–120]

Fig. 2.3 Candidate pharmacogenetics often focus on genes involved in the distribution (ABCB1,
SLCO), metabolism (CYP2C8, CYP3A4), or mechanism (TUBB2A, CEP72) of the drug of
interest. Although many associations have been reported, none have been definitively validated
and translated into clinical practice
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CYP2C8*3 have increased CIPN risk [9, 69–73], consistent with the increased
CIPN risk in patients with higher systemic paclitaxel concentrations, covered
later in this chapter. However, recent evidence suggests that CYP2C8*3 carriers
may have lower systemic paclitaxel exposure [125], similar to its effect on other
drugs [126]; at this time CYP2C8 genotype should not be used to predict paclitaxel
pharmacokinetics or CIPN risk. Paclitaxel is also metabolized by CYP3A4
and CYP3A5, which have diminished-activity variants (i.e., CYP3A4*22 and
CYP3A5*3) that have been reported to increase neuropathy risk [71, 74]. In addition
to metabolic enzymes, paclitaxel is a substrate for several transporters including
the efflux transporter P-glycoprotein (P-gp). P-gp is encoded by the ABCB1 gene,
which has several polymorphisms that have been reported to affect CIPN risk,
including the common ABCB1*2 one [72, 75–77]. Gene candidates have also been
selected based on paclitaxel pharmacology or neuropathy pathophysiology, includ-
ing studies indicating effects of polymorphisms in paclitaxel’s molecular target,
B-tubulin class IIa (TUBB2A) [77, 78]. In addition to these candidate-gene studies,
several GWAS of paclitaxel-induced neuropathy have reported associations
for polymorphisms in genes that had not been investigated in candidates gene
studies [127–132]. Interestingly, many studies have reported associations for
polymorphisms in genes related to inherited neuropathy conditions [73, 133–135],
particularly polymorphisms in the EphrinA (EPHA) gene family [72, 77, 79–83].

While there has been much less research on the genetic predictors of docetaxel-
induced neuropathy, similar to paclitaxel, most studies have focused on the genes
involved in docetaxel pharmacokinetics including CYP3A4/5, ABCB1, and the
uptake SLCO1B3 transporter [136–139]. Unlike paclitaxel, though, the relationship
between docetaxel pharmacokinetics and neuropathy has not been well established.
Several studies have reported associations for polymorphisms in GSTP1 [84–86],
which could be due to the role of this enzyme in managing reactive oxygen species.
The only GWAS of docetaxel-induced neuropathy identified a variant in VAC14
[87], another gene related to hereditary neuropathy.

Candidate genes in platinum pharmacokinetics have included the enzymes
responsible for secondary metabolism via glutathione conjugation (GSTP1,
GSTT1, GSTM1) and uptake transporters (ABCC1/2, ABCG2). Polymorphisms in
GSTP1, particularly the non-synonymous I105V variant, have been reported to be
associated with platin-induced neuropathy [88–95] but a meta-analysis did not
confirm the association [96]. Similarly, studies have reported that variants in the
ABC transporters affect peripheral neuropathy risk [97–99] but this has also not been
validated. Besides pharmacokinetics candidates, many studies have investigated
polymorphisms in the genes responsible for DNA repair including ERCC1/ERCC2
and XRCC1/XRCC3. ERCC1 rs11615 (Asn118Asn) may be associated with CIPN
risk per some studies [91, 100–104], but a meta-analysis did not confirm the
association [105]. Another large (n ¼ 2183) study using a panel of candidate
genes reported a potential association for a non-synonymous (Asp317His) polymor-
phism in DCLRE1A [106], that has not been verified. A GWAS study reported
potential associations for variants in several genes without strong biological ratio-
nale [140] that have failed attempted replication [141–143]. Finally, a GWAS of
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long-term neuropathy in cisplatin treated cancer survivors identified an association
for RPRD1B [144] that requires validation in independent cohorts.

Studies have found that patients with an inactive variant in CYP3A5
(CYP3A5*3), the enzyme responsible for vincristine metabolism, have higher neu-
ropathy risk [107]. However, replication of this association has been unsuccessful
[108–110] and it is not clear that patient’s carrying CYP3A5*3 have higher systemic
vincristine exposure [111] or that exposure is associated with neuropathy risk.
Similar to the results for other agents, some studies report that variants in ABCB1
affect vincristine pharmacokinetics [145] or neuropathy [109] but other studies have
failed to replicate these findings [108–111]. A GWAS reported that pediatric patients
who are homozygous carriers of the CEP72 promoter variant rs904627 have
increased risk of vincristine-induced neuropathy [112]. This finding was replicated
in an analysis of young adults [113] and another pediatric cohort, followed by a
successful meta-analysis [114]. Other studies have not replicated the association
[115–117]. Attempted validation of this association is ongoing in a
pharmacogenetics substudy embedded within the ongoing Total Therapy XVII
trial (NCT03117751), in which patients are randomized to standard or rs904627-
guided vincristine regimens.

There have been several discovery-phase pharmacogenetics studies of
bortezomib-induced neuropathy that used large panels of candidate genes [146–
149] or GWAS [150–152]. Thalidomide is used in combination with bortezomib in
some regimens. There is evidence that CYP2C19 pharmacogenetics affects thalido-
mide pharmacokinetics [118, 119] but not neuropathy [120]. Other studies using
candidate genetic panels have reported associations with thalidomide-induced neu-
ropathy [153–155]. No genetic predictors of peripheral neuropathy from bortezomib
and/or thalidomide have been validated for clinical translation.

2.2.3 Early Indicators of Emerging CIPN

CIPN onset after a single cycle or early in treatment may be indicative of a trajectory
toward severe CIPN by the end of treatment. Paclitaxel and oxaliplatin cause acute
neurotoxicity symptoms that can present as early as the first cycle. Paclitaxel
produces an acute pain syndrome that mimics arthralgia and myalgia, whereas
oxaliplatin causes pain and dysesthesias in the hands and oropharynx upon exposure
to cold temperatures [156]. Emergence of these acute toxicities early in treatment is
indicative of eventual CIPN severity [157–159], more so with oxaliplatin than
paclitaxel. Objective measures of neuronal function including quantitative sensory
testing (QST) and nerve conduction studies (NCS) may also indicate concerning
CIPN trajectories.

Oxaliplatin reduces sensory nerve action potential amplitudes [160] and the
decrease at the midpoint of treatment can predict CIPN severity at the end of
treatment [161]. Other objective measures that can be collected early in treatment
that seem to predict eventual CIPN severity include spleen enlargement during
oxaliplatin treatment [162], diminished vibration and deep tendon reflexes [163],
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depletion of nerve growth factor [163, 164], or increases in the neuron-specific
protein neurofilament light chain [165–167]. Finally, CIPN severity midway through
treatment with paclitaxel and oxaliplatin predicts severity at the end of treatment
[161, 168]. Prospective studies are needed to determine whether, when, and how to
intervene based on these early indicators to prevent CIPN. One study investigating
QST to guide CIPN management found that QST changes may occur too late in
treatment to be clinically useful [169].

2.2.4 Summary of Intrinsic Factors

Current data indicates higher CIPN risk in patients who are older, African American,
diabetic, or have subclinical PN prior to treatment. Objective and subjective
indicators of CIPN after a single or several cycles also predict CIPN severity but
has not been successfully used to inform patient management. Associations for other
potential biomarkers including metabolomics and genetics are in discovery phase
and have not been validated for clinical translation. Future work in this area is
needed to replicate previously reported associations in larger and more diverse
samples, confirm effects with other neurotoxic regimens, and prospectively test
interventions in high-risk patients to demonstrate how to use these predictive
biomarkers to prevent CIPN and improve treatment outcomes.

2.3 Extrinsic Factors

This section discusses the factors that are extrinsic to the patient that may affect
CIPN risk including patients’ lifestyle choices and their neurotoxic chemotherapeu-
tic regimen.

2.3.1 Lifestyle

A retrospective analysis indicates that women who have lower levels of moderate to
vigorous physical activity (MVPA) prior to treatment are more likely to have long-
term CIPN [13].

Another large study found that patients who spent more than 5 h/week on MVPA
were 60% less likely to experience CIPN [14]. Prospective clinical trials have also
indicated a protective effect of exercise on CIPN, further supporting this association
and its potential clinical usefulness [170, 171].

Measuring alcohol and smoking intake is challenging, limiting reliability of study
results. Some studies indicate alcohol use is a CIPN risk factor [31, 172, 173], while
others suggest the opposite [7]. Smoking has also been reported to increase CIPN
[7]. Additional research is needed to confirm which of these potentially modifiable
behaviors predict CIPN risk.
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2.3.2 Nutrition

Although nutritional status is a likely contributor to CIPN, the relationships between
specific nutritional factors and CIPN are not fully understood [5, 174].Micronutrients
have a potential role in CIPN through anti-inflammatory, antioxidant, and
neuroprotective mechanisms [34, 175]. Increased CIPN risk among diabetics,
obese individuals, and regular alcohol users, all of whom tend to have worse
nutrition, suggests that nutrition may be a contributing factor to CIPN [176]. Multi-
vitamin use before and during taxane chemotherapy has been associated with CIPN
protection [5, 174] but initiating an antioxidant (beta-carotene, selenium, vitamin C,
vitamin E, and zinc) during treatment has been reported to increase CIPN risk [14]
and decrease survival [177]. Patients with higher consumption of grains and citrus
have also been reported to have increased risk of neuropathy from paclitaxel
treatment [178]. Further work is needed to verify and mechanistically explain
these findings, as the current evidence is insufficient to justify measuring nutrient
levels and correcting nutrient insufficiencies for CIPN risk reduction.

2.3.3 Neurotoxic Treatment

2.3.3.1 Chemotherapy Regimen
Prospective randomized clinical trials comparing different doses with the same
schedule [179, 180] or similar doses with differing numbers of cycles [181] consis-
tently show that CIPN increase with cumulative treatment [182]. Although there are
no established maximum cumulative dosing limits for neurotoxic chemotherapy, the
cumulative dose threshold above which CIPN occurs has been estimated for several
neurotoxic drugs [183–185] (Table 2.3). Chemotherapy dose reductions or delays
are common in patients experiencing moderate CIPN to prevent further symptom
progression [12, 186–188], meaning that some retrospective analyses find that
patients with severe CIPN receive lower cumulative doses [187, 189, 190].

Table 2.3 Cumulative threshold dose for development of CIPN symptoms for neurotoxic chemo-
therapy drugs [183–185]

Chemotherapy class Drug Threshold dose

Taxane Paclitaxel >300 mg/m2

Docetaxel >100 mg/m2

Platinum Oxaliplatin >540 mg/m2

Cisplatin >350 mg/m2

Vinca alkaloid Vincristine >4 mg/m2

Immunomodulatory/antiangiogenic agent Thalidomide >20 g

Proteasome inhibitor Bortezomib >16 mg/m2

Note: These thresholds provide a general estimate of the cumulative dose at which CIPN occurs for
different neurotoxic agents. They are not maximum cumulative dosing guidelines and do not reflect
the substantial inter-patient variability in CIPN onset due to the other factors described in this
chapter
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There are also differences in CIPN rates between agents in the same class and
between dosing regimens of the same drug, though direct comparison is difficult as
regimens have different doses, frequencies, and durations of treatment. Smaller,
weekly paclitaxel doses seem to be somewhat less neurotoxic, even though the
weekly regimens have a slightly greater intensity (mg/m2/day) and higher total
dose administered [191–195]. Similar comparisons have been made for docetaxel
but the differences in CIPN between the regimens are less distinct [196–198]. CIPN
severity is dependent on platinum dose, frequency, and duration of administration
[199–201], though oxaliplatin-induced cold sensitivity seems to be dose indepen-
dent [202]. Among the vinca-alkaloids, vincristine has been identified as the most
neurotoxic and vinorelbine the least neurotoxic [203]. Single vincristine doses above
2.0 mg [204] and cumulative doses exceeding 12 mg [205] are associated with
greater CIPN. Cumulative doses of thalidomide up to 20 mg are associated with
progressively increasing risk of CIPN [206].

2.3.3.2 Pharmacokinetics
Pharmacokinetics describes systemic drug concentrations within the body, including
drug absorption, distribution, and elimination. The amount of drug in the body at a
given time or the duration the drug remains within the body can be related to
treatment outcomes (Fig. 2.4). This section summarizes the evidence supporting
an association between systemic concentrations of neurotoxic drugs and CIPN,
including prospective trials testing whether adjusting dosing to achieve therapeutic
exposure improves treatment outcomes.

At least eight studies have reported that paclitaxel pharmacokinetics is associated
with CIPN (Table 2.4). Larger systemic area under the curve (AUC) is associated
with greater CIPN [74, 210, 212, 213] but AUC is unlikely to be clinically useful due
to the need for repeated sampling. The amount of time the patient’s systemic
concentration remains above a threshold of 0.05μM (Tc > 0.05) can be estimated
from a single sample collected the day after infusion [214] and has been associated
with neuropathy in multiple studies [74, 209, 211]. Two prospective randomized
clinical trials have demonstrated that exposure-guided paclitaxel dosing significantly
reduces CIPN without diminishing efficacy in patients with non-small lung cancer
[215, 216]. Exposure-guided paclitaxel dosing may improve outcomes but has not
been widely adopted in clinical practice, potentially due to the inconvenience of
collecting a next-day sample. A sample collected during or at the end of paclitaxel
infusion would be much less inconvenient for patients. The maximum concentration
(Cmax) collected right at the end of infusion is associated with CIPN [74, 172, 208]
but no prospective studies have individualized dosing based on this measure.

There is no evidence that docetaxel pharmacokinetics is associated with CIPN.
Prospective exposure-guided docetaxel dosing studies reduce myelosuppression
[217, 218] and may reduce overall toxicity [219], but reductions in CIPN have not
been reported. Accumulation of platinum compounds in neural tissue is presumed to
cause CIPN [201]. Residual systemic cisplatin concentrations have been associated
with CIPN in cancer survivors [220, 221] but this effect is likely due to confounding
by age [222]. Several studies have not identified a relationship between systemic
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platinum concentrations during treatment and CIPN [223–225]. Studies have
reported greater CIPN in patients with higher systemic concentrations of vincristine
[226, 227] or its major metabolite [107], however, this has not been consistently
demonstrated [108, 145, 228, 229]. There has been little work investigating the
association of CIPN with the pharmacokinetics of other neurotoxic agents, though
published reports do not suggest an association for vinblastine [230, 231] or
bortezomib [232].

2.3.4 Summary of Extrinsic Factors

Extrinsic factors including physical activity and nutrition may be modifiable risk
factors for CIPN. The predominant predictor of CIPN is cumulative treatment with a
neurotoxic chemotherapeutic agent.

There are differences in CIPN risk between agents within the same class and even
between different regimens of the same agent. Finally, paclitaxel pharmacokinetics
is strongly predictive of CIPN but the association is less clear for other neurotoxic
agents. Additional research is needed to validate these findings and prospectively
test strategies to optimize treatment to reduce CIPN while maintaining or enhancing
treatment efficacy.

2.4 Conclusions

There are numerous intrinsic and extrinsic factors that influence risk of developing
CIPN; however, these factors are not yet well understood. Risk factors may vary
with use of different neurotoxic agents.

Table 2.4 Studies identifying association of paclitaxel pharmacokinetics with peripheral
neuropathy

n Tumor Association Ref

32 Mixed Css correlated with PN [207]

96 Ovarian Tc > 0.05 higher in patients with PN [208]

295 Mixed Tc > 0.05 higher in patients with PN [209]

261 Mixed AUC, Cmax, and Tc > 0.05 all associated with PN [74]

9 Breast AUC higher in patients with PN [210]

24 Mixed Tc > 0.05 higher in patients with PN [211]

38 Ovarian AUC correlated with PN [212]

38 Ovarian AUC correlated with PN inconvenience [212]

60 Breast Cmax and Tc > 0.05 higher in patients with PN-induced treatment
alteration

[172]

Acronyms: AUC, area under the curve; Cmax, maximum concentration at end of infusion; Css,
steady-state concentration during 24-h infusion; hr, hour; PN, peripheral neuropathy; Tc > 0.05, time
systemic concentration remains above 0.05μM
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Certainly, the drugs, doses, and frequency of chemotherapy administration con-
tribute to risk. However, there are several patient related factors that are likely to
influence individual risk, including non-modifiable factors like age, race, and genet-
ics, and modifiable factors such as unhealthy weight and lack of exercise.
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Evaluation of Chemotherapy-Induced
Peripheral Neuropathy 3
Youmin Cho, Kathryn J. Ruddy, and Ellen M. Lavoie Smith

Abstract

Measurement of chemotherapy-induced neuropathy can be based on patient
report, clinician report, or objective assessment of nerve function. In this chapter,
we discuss patient-reported outcomes (PROs), including the European Organiza-
tion for Research and Treatment of Cancer Quality of Life-Chemotherapy-
Induced Peripheral Neuropathy questionnaire (EORTC QLQ-CIPN20), the
Functional Assessment of Cancer Therapy/Gynecological Cancer Group-
Neurotoxicity questionnaire (FACT/GOG-Ntx), and the PRO-Common Termi-
nology Criteria for Adverse Events (PRO-CTCAE). In addition, we describe
clinician-reported scales: the CTCAE, the Eastern Cooperative Oncology
Group (ECOG) criteria, the World Health Organization (WHO) neurotoxicity
scale, and the Ajani scale. Two scales that are specifically used for oxaliplatin-
induced neurotoxicity are also discussed: the Oxaliplatin Neurological Toxicity
Scale (ONTS] and the Neurotoxicity Criteria of Debiopharm (DEB-NTC). We
also explain how nerve conduction studies assess peripheral nerve action poten-
tial amplitudes and velocity, and we describe the use of quantitative sensory
testing, in which patients report whether they can detect sensations of vibration,
mechanical stimuli, and warmth/cold applied to the skin at different locations. We
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discuss how these two types of studies can augment patient- and clinician-
reported assessments, in part because they can detect abnormalities before they
become clinically evident. Further, we highlight important biomarkers of CIPN,
discuss options for nerve imaging, and make recommendations for clinical
practice.

Keywords

CIPN · Chemotherapy · Neuropathy · Patient reported outcomes

3.1 Introduction

Quantitative and qualitative measures of chemotherapy-induced peripheral neuropa-
thy (CIPN) are critical to research that focuses on improving outcomes for patients
during and after receipt of neurotoxic chemotherapy. In addition, CIPN assessment
will help oncology care teams better understand and address the symptoms experi-
enced by their patients, resulting in higher-quality clinical care. Patient-reported,
clinician-reported, and objective measures of nerve function are available. In this
chapter, we describe a variety of clinical grading scales used by clinicians to report
neuropathy severity and functional interference, many instruments that collect
patient-reported data on neuropathy symptoms, and a few objective measures of
nerve function and appearance. These measures nearly universally assess changes in
sensory nerve function, the most common manifestation of CIPN; some also assess
motor and autonomic nerve function.

3.2 Clinical Grading Scales

Clinical grading scales for assessing chemotherapy-related toxicities reflect the
severity of treatment-related symptoms [1]. In a clinical setting, grade 2 or higher
neuropathy indicates severe neurotoxicity that often results in chemotherapy dose
reduction [1, 2]. Several grading scales are used to quantify CIPN, most frequently
the Common Toxicity Criteria (CTC) scales, including the National Cancer Institute-
Common Terminology Criteria for Adverse Events (NCI-CTCAE, previously
NCI-CTC), the Eastern Cooperative Oncology Group (ECOG) criteria, the World
Health Organization (WHO) neurotoxicity scale, and the Ajani scale (Tables 3.1,
3.2, and 3.3) [3].

Additionally, two scales are available specifically to assess oxaliplatin-induced
CIPN: the Oxaliplatin Neurological Toxicity Scale (ONTS) and the Neurotoxicity
Criteria of Debiopharm (DEB-NTC) (Table 3.4) [3, 4]. However, since specific
grading scale scores are based not on objective measurements (e.g., deep tendon
reflex or sensory examination) but rather on clinicians’ scoring of patients’ reported
symptoms, reliance on clinical grading scales in research and practice has been
subject to recent scrutiny for two main reasons. First, accuracy of the assessment
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requires agreement between clinicians’ ratings and patients’ symptom experiences
[5, 6], and second, a considerable number of studies have demonstrated poor grading
scale reliability and validity [1, 4, 7, 8].

3.2.1 NCI-CTC/CTCAE

The NCI-CTCAE (previously NCI-CTC) is commonly used to report cancer
treatment-induced adverse event (AE) severity [9]. It was initially developed in
1983 by the cooperative oncology groups in North America and Canada, and is
regularly updated [1, 4]. The most recent version, 5.0, was issued in November 2017,
with the next updated version 6.0 being expected in Fall 2022 [9]. Each AE term has
a 5-point grading scale that indicates the severity of the AE. NCI-CTCAE includes
two AE terms for CIPN: peripheral motor neuropathy and peripheral sensory
neuropathy.

The NCI-CTCAE is the most widely used CIPN grading system despite its
numerous limitations. In a cross-sectional study (N ¼ 37) comparing inter-observer
reliability of the NCI-CTC, ECOG, WHO, and Ajani scales, the NCI-CTC was
found to have the lowest agreement coefficient between two observers for all grades
(1–5) and for the dichotomy (1–3 vs. 4) (45.9% and 81.1%, respectively) [1]. Empir-
ical evidence supports the NCI-CTCAE sensory neuropathy scale’s construct valid-
ity based on low to moderate correlation with the Total Neuropathy Score (TNS#)
and the Neuropathic Pain Scale for Chemotherapy-Induced Neuropathy (NPS-CIN)
(r ¼ 0.22–0.63, p ¼ 0.05 to <0.001), but motor scale scores did not correlate
[8]. Further, the NCI-CTC grades were low, ranging from 0 to 2, even though
CIPN symptoms were clinically relevant, suggesting that the NCI-CTC scales are
insensitive to minor changes in CIPN severity (floor effect) [10]. Similarly, the
NCI-CTC sensory grades did not correlate with Total Neuropathy Score (TNS#)
assessments of objective pin sensibility (rs ¼ 0.171), vibration sensibility
(rs ¼ 0.217), and deep tendon reflex (rs ¼ 0.217), nor did NCI-CTC motor
neuropathy grades correlate with objective TNS# muscle strength scores
(rs ¼ 0.080) [7].

Table 3.4 Clinical grading scales for oxaliplatin-induced peripheral neuropathy (OIPN)

Grade 1 Grade 2 Grade 3 Grade 4

ONTS
[15]

Paresthesia and/or
dysesthesia with
compete regression
within 7 days

Paresthesia and/or
dysesthesia with
compete regression
within 14 days

Paresthesia and/or
dysesthesia with
incomplete regression
between courses

Paresthesia
and/or
dysesthesia with
functional
impairment

DEB-
NTS
[18]

Paresthesias or
dysesthesias within
7 days

Paresthesias or
dysesthesias more
than 7 days

Functional impairment
interfering with
activities of daily living

–

ONTS, Oxaliplatin Neurological Toxicity Scale; DEB-NTS, Neurotoxicity Criteria of Debiopharm
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Despite its pitfalls, the NCI-CTCAE is preferred by many clinicians because it is
easy and efficient to use in busy clinical settings [4]. Also, because it provides
grading rubrics for numerous adverse effects, such as neutropenia, one scale can be
used to grade all cancer-associated AEs. However, NCI-CTCAE scores should be
interpreted cautiously given the inter-observer disagreements, poor sensitivity due to
floor effects, and the suboptimal construct validity findings from several studies. To
address those limitations of the NCI-CTCAE scoring system, NCI developed the
Patient-Reported Outcomes version of the CTCAE (PRO-CTCAE), which will be
described later in this chapter.

3.2.2 ECOG Common Toxicity Criteria

The ECOG Common Toxicity Criteria were developed by the Eastern Cooperative
Oncology Group (ECOG) in 1974 [11]. The ECOG criteria have been used in all
ECOG studies and publications [11]. The ECOG criteria are based on five CIPN-
related toxicities: sensory, vision, hearing, motor, and constipation [12]. Each crite-
rion is scored from 0 to 4: high scores reflect worse CIPN. A revised version of the
ECOG neurotoxicity criteria addresses more parameters (e.g., autonomic symptoms)
and the concept of “disabling” sensory loss [4]. The inter-observer agreement of the
ECOG criteria was the highest for all grades (0–4) (Intraclass Correlation Coefficient
[ICC] ¼ 0.75) in comparison to NCI-CTC (ICC ¼ 0.58), WHO (ICC ¼ 0.55), and
Ajani scales (ICC ¼ 0.37) [1]. Limited evidence describes the ECOG scale’s
validity, sensitivity, and responsiveness to change over time.

3.2.3 WHO Recommendations

The WHO Recommendations, developed in 1979, has two CIPN-related criteria:
peripheral neuropathic symptoms and constipation [13]. Clinicians rate peripheral
neuropathy based on the presence and severity of paresthesias and muscle weakness.
Each criterion is scored from 0 to 4. Psychometric properties have not been exten-
sively tested [4]. These grading criteria are rarely used for the assessment of CIPN.

3.2.4 Ajani Scale

The Ajani scale was developed in 1990 by the Chemotherapy Working Group and
the Departments of Medical Specialties and Neuro-oncology in the Houston Cancer
Center [14]. The prototype of this scale was based partly on the WHO criteria
[14]. One way in which the Ajani scale differs from the other clinical grading scales
is that it incorporates clinical significance within each criterion [14]. For assessment
of CIPN, the Ajani scale evaluates autonomic nervous system toxicity (i.e., bladder
dysfunction, constipation, sweating, impotence, and arrhythmias), and motor and
sensory deficits [14]. Each criterion is scored from 1 to 4; high scores reflect worse
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CIPN. When comparing to the NCI-CTC, ECOG, and WHO scales, the inter-
observer agreement was the lowest in all grades (ICC ¼ 0.37) [1]. Published
evidence regarding other psychometric properties is limited.

3.2.5 Oxaliplatin-Induced Peripheral Neuropathy (OIPN)
Assessment

In addition to the general grading scales that quantify all types of CIPN (e.g.,
NCI-CTCAE), two specialized scales have been developed to evaluate oxaliplatin-
induced peripheral neuropathy (OIPN), which has unique, acute, cold-induced
manifestations [3].

3.2.5.1 Oxaliplatin Neurological Toxicity Scale (ONTS)
The Oxaliplatin Neurological Toxicity Scale (ONTS) was developed in 1993 for use
in a randomized controlled trial of an oxaliplatin chemotherapy regimen
[15]. Although this 4-point scale evaluates only peripheral sensory neuropathy, it
also quantifies symptom duration [16].

One study showed that the ONTS was more sensitive than the NCI-CTC
(N ¼ 114) [16]. More specifically, of 53 patients with severe grade 3–4 CIPN
based on the ONTS, 23, 18, and 12 received a NCI-CTC grade of 1, 2, and
3, respectively, and no patient received an NCI-CTC grade 4 [16]. Furthermore,
the ONTS was responsive to change over time [16]. Beyond the information
presented in this one paper, no additional published evidence supports its general
validity or reliability.

3.2.5.2 The Neurotoxicity Criteria of Debiopharm (DEB-NTC)
The Neurotoxicity Criteria of Debiopharm (DEB-NTC) is based on sensory CIPN
symptom duration [17], but also addresses CIPN-associated functional deficits
[17, 18]. However, the concordance rate between grade 0–2 NCI-CTCAE grades
and the DEB-NTC was low: 48.8% and 47.3% in oxaliplatin- and irinotecan-treated
patients, respectively (κ ¼ 0.26 and 0.18, respectively, p < 0.001) [17]. Low
concordance/agreement between NCI-CTCAE and DEB-NTC grades does not sug-
gest that the DEB-NTC lacks convergent validity, but that, again, the NCI-CTCAE
lacks sensitivity to detect the full range of CIPN severity. The DEB-NTC
demonstrated earlier detection of mild OIPN than did the NCI-CTCAE ver. 3.0
[17]. In particular, the DEB-NTC was able to detect grade 1–2 OIPN from a
significantly lower cumulative oxaliplatin dose than was the NCI-CTCAE
( p < 0.001) [17].
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3.3 Composite Scales

Several composite measures, which combine scores from several subjective and
objective components of a comprehensive CIPN examination, have been developed
for diabetic and inflammatory neuropathy; however, only two have been validated to
assess CIPN: the Total Neuropathy Score (TNS#) [19] and the modified Inflamma-
tory Neuropathy Cause and Treatment Group Sensory Sum Score (mISS) [20].

3.3.1 Total Neuropathy Score (TNS©)

Originally developed in 1994 by a team of neurologists at the Johns Hopkins
University, the TNS# is the most commonly used and best validated of the two
composite scales [19].

Several abbreviated TNS# variants have since been developed and tested for use
with adult and pediatric populations [3, 21–25]. Each TNS# item is scored from
0 to 4 and summed; high scores reflect more severe CIPN. Scores reflect distal to
proximal extension of CIPN signs and symptoms. The more proximal the extension,
the higher the score. For example, a patient with numbness only in the toes would
receive a lower sensory symptom score than someone with numbness extending
from the toes to the ankles.

The original 11-item TNS# contains rubrics for assessing subjective sensory,
motor, and autonomic symptoms. When assessing subjective sensory CIPN, the
score reflects the distal to proximal extension of three sensory symptoms—numb-
ness, tingling, neuropathic pain—but only the worst of the three scores is included in
the total score. The original TNS# also provides scores for the following physical
examination findings: pinprick sensation, vibration sensation threshold using a
128 Hz tuning fork, deep tendon reflexes, and motor strength, which is assessed in
the toes, ankles, hips, fingers, thumbs, wrist, and arms. For all physical examination
components, the assessor conducts bilateral assessments; if the findings are asym-
metrical, the higher score from the two sides is used for the final summed score.

Nerve conduction study (NCS) scores, based on peripheral nerve action potential
amplitudes for the right sural sensory and peroneal motor nerves, are included in
some TNS# variants; low TNS# scores reflect action potentials that are normal or
�96% of what would be expected for the patient’s age. Quantitative sensory testing
(QST) scores are also included in some of the variants and provide additional
assessments of vibration and thermal sensation thresholds based on norm-adjusted,
percentile-based values. Low (normal) QST threshold scores mean that the patient
can detect very subtle vibratory or thermal sensations.

The total TNS# score varies based on the number of items in the variant
(Table 3.5). Scores obtained using the original 11-item TNS# range from 0 to
44 [24]. Scores � 5 indicate CIPN [26]. The TNSr# (reduced) variant excludes
QST, and subjective motor and autonomic items (score range 0–28) [24]. The
mTNS# (modified) excludes tuning fork vibratory threshold assessments, thermal
QST, NCS, and subjective autonomic scores (score range 0–24) [24]. The clinical
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variant (TNSc#), designed for use by non-neurologists in oncology practice
settings, includes items that quantify pinprick sensation, tuning fork-based vibration
threshold, deep tendon reflexes, strength, and all three subjective symptom
categories (sensory, motor, autonomic) (score range 0–28) [24]. The TNS# items

Table 3.5 Total neuropathy score variants (modified with permission) [24]

TNS# TNS#r mTNS# TNS#c
5-item
TNS# TNS#-SF

Pin Prick √ √ √ √ √
Vibration via 124 Hz or
Rydel–Seiffer tuning
fork

√ √ √ √ √

Vibration threshold via
Quantitative Sensory
Testing

√ √

Thermal threshold via
Quantitative Sensory
Testing

√

Nerve Conduction
Studies—Sensory
(Sural Nerve
Conduction Amplitude)

√ √

Nerve Conduction
studies—Motor
(Peroneal Nerve
Conduction Amplitude)

√ √

Deep Tendon Reflexes √ √ √ √ √
Strength √ √ √ √ √
Subjective Report √
Worst Sensory Score of
3 symptoms (numbness,
tingling, neuropathic
pain)

√ √ √ √

Numbness √
Tingling √
Neuropathic pain √

Motor (e.g., walking on
toes/heels, climbing
stairs, buttoning,
writing, combing hair)

√ √ √

Autonomic (fainting,
impotence, bloating,
constipation, loss of
bowel and bladder
control)

√ √

Total Score Range 0–44 0–28 0–24 0–28 0–20 0–16

TNS, Total Neuropathy Score; TNSr, TNS-reduced; mTNS, modified TNS; TNSc, TNS-clinical;
TNS-SF, TNS-Short Form
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most often excluded from the various variants are those that require specialized tests/
training (QST, NCS), deep tendon reflexes because they can be difficult to assess,
motor symptoms and examination findings because motor neuropathy occurs less
often, and autonomic symptoms (e.g., constipation, orthostatic hypotension, impo-
tence), which can be difficult to attribute to CIPN.

While extensive evidence supports the reliability and validity of the
TNS# [10, 19, 27–29], TNSr# [10, 26, 27, 30–32], TNSc# [27, 28, 30], and
mTNS# [29], recent psychometric analyses suggest that the TNS# can be further
reduced, and that minor revisions in the scoring procedures will improve its perfor-
mance [8, 22, 33]. For assessing taxane- or platinum-induced CIPN, empirical
evidence supports the reliability, validity, and sensitivity of a 5-item TNS# that
includes the worst of the three subjective symptom scores, and the motor strength,
pinprick sensation, vibration threshold, and tendon reflex scores (score range 0–20).
An even shorter variant, the TNS#-SF (short form), is more internally consistent
(α ¼ 0.80) than the 5-item version (α ¼ 0.56), and is also valid and sensitive
[34, 35]. The TNS#-SF has just four items: all three subjective symptom scores
and the tuning fork-assessed vibration threshold score (score range 0–16). Of all the
variants, the TNS#-SF is the most clinically feasible for use by non-neurologists
because it excludes QST, NCS, and deep tendon reflex assessments, all of which
require specialized clinical training and experience to obtain accurate and reliable
scores. Individuals who do not have extensive neurology training can easily learn
how to obtain reliable tuning fork assessments using either a simple 128 Hz tuning
fork, or the graduated Rydel–Seiffer (Fig. 3.1) [36]. Another advantage of the

Fig. 3.1 Rydel–Seiffer
tuning fork (toe placement)
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TNS#-SF is that all subjective symptom item scores are included in the total score,
not just the worst of the three. This approach allows quantification of non-painful
(numbness and tingling) and painful CIPN, and may prompt the clinician to offer
evidence-based treatment (i.e., duloxetine) for painful CIPN [37].

3.3.2 Inflammatory Neuropathy Cause and Treatment Group
Sensory Sum Score (mISS)

The ISS quantifies solely sensory neuropathy through five assessments: pinprick and
vibration sensibility in the arms and legs, and two-point discrimination at the ventral
index finger [20]. Items are scored 0–4 distally to proximally, and the five scores are
summed (total score range ¼ 0–20). Normal sensation in the most distal location
(i.e., index finger or big toe) is scored as “0,” which assumes that findings more
proximal will also be normal. Higher scores are associated with more proximal
abnormalities, such as at the wrist, elbow shoulder, ankle, knee, or groin, and reflect
more severe sensory neuropathy. The modified version (mISS) includes light touch
and joint position items [38].

The ISS was initially tested in patients with inflammatory neuropathy (e.g.,
Guillain–Barré syndrome) and found to be valid, reliable, and responsive to change
over time [20].

Specifically, construct validity was supported based on moderately strong and
statistically significant correlations between scores from the mISS and upper and
lower extremity functional measures. Inter-rater reliability was demonstrated based
on strong correlations between scores obtained by different raters, and
responsiveness assessments were based on observed changes in scores following
intravenous immunoglobulin treatments. The mISS’s psychometric properties have
also been tested in patients who had received taxanes, platinums, thalidomide,
vincristine, or bortezomib [30]. Published evidence supports the mISS’s strong
inter-rater/equivalence reliability (r ¼ 0.84) and construct validity because scores
were strongly correlated with the TNSc# (r ¼ 0.72–0.76) [30].

While the mISS is a reliable and valid measure based on psychometric data from
patients who were receiving many different neurotoxic chemotherapeutic agents, the
mISS is not clinically feasible for use by non-neurologists in busy oncology clinical
settings. The assessor must conduct neurological assessments at multiple anatomic
sites, a time-consuming task.

Further, several of the mISS assessments require specialized training (e.g., joint
position, two-point discrimination). Lastly, the mISS only provides a sensory neu-
ropathy score and should not be used as the sole CIPN measure when evaluating
patients receiving drugs that also cause significant motor neuropathy (e.g.,
vincristine).
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3.4 Patient-Reported Outcome Measures

Patient-reported outcomes (PROs) are described by patients directly, without inter-
pretation by clinicians or anyone else [39]. Clinicians commonly assess CIPN via
clinical grading scales (e.g., NCI-CTCAE), which underestimate symptoms and are
too insensitive to detect subtle differences in mild symptoms [5, 40]. Since CIPN
symptoms are subjective, clinician-based grading scales cannot measure patients’
experiences of symptoms. Therefore, an essential component of a comprehensive
symptom management strategy is using valid PRO measures to collect patients’ self-
reported symptom information [6, 40].

The European Organization for Research and Treatment of Cancer Quality of
Life-Chemotherapy-Induced Peripheral Neuropathy questionnaire (EORTC
QLQ-CIPN20) and the Functional Assessment of Cancer Therapy/Gynecological
Cancer Group-Neurotoxicity questionnaire (FACT/GOG-Ntx) are the most com-
monly used PRO measures. In addition, the National Cancer Institute recently issued
a PRO version of the NCI-CTCAE scale, the PRO-CTCAE. These and other PRO
measures are described in this section.

3.4.1 EORTC QLQ-CIPN20

The EORTC Quality of Life group developed the Quality of Life Questionnaire-
Core 30 (EORTC QLQ-C30) in 2005 [41]. The EORTC QLQ-CIPN20 question-
naire, a supplemental module of the EORTC QLQ-C30 and currently available in
42 languages [42], provides a comprehensive assessment of patients’ CIPN-
associated symptom experiences and functional limitations [43]. This 20-item ques-
tionnaire contains three subscales: sensory (9 items), motor (8 items), and autonomic
(3 items) [43]. Each item is scored using a 4-point Likert scale (1 ¼ “not at all,”
2 ¼ “a little,” 3 ¼ “quite a bit,” and 4 ¼ “very much.”), with a 7-day recall period.
Subscale scores are summed, and higher scores reflect worse CIPN. Although the
scale was developed initially to include three subscales (i.e., sensory, motor, auto-
nomic), these were not empirically tested. Recent evidence based on confirmatory
factor analysis findings from several studies have revealed an unstable factor struc-
ture and poor correlation among some items within the sensory, motor, and auto-
nomic subscales [44–46]. Therefore, a summed score of all items is now
recommended, rather than calculating three separate subscale scores [44].

The psychometric properties of the EORTC QLQ-CIPN20 have been extensively
evaluated; the tool is reliable, valid, sensitive, and responsive [44–51]. The internal
consistency reliability was acceptable at the initial development stage and excellent
alpha coefficients (α � 0.80) have been confirmed in subsequent studies [43, 45,
51]. The EORTC QLQ-CIPN20 demonstrated a significant association with the
NCI-CTCAE scale ( p < 0.0001), which supports strong convergent validity of
this tool [47]. However, some of the autonomic subscale items, such as those
assessing dizziness, blurred vision, hearing loss, and erectile dysfunction,
demonstrated weak correlations with other items and total scores (item-item
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correlations r � 0.30, item-total score correlations r � 0.40) [45]. Furthermore,
results of a secondary data analysis (N ¼ 1155) revealed poor internal consistency
for the autonomic subscale (Cronbach’s α coefficients ¼ 0.62 for male, 0.39 for
female) [46].

Because of these suboptimal findings, a 16-item modified version was developed.
It excludes the dizziness, blurred vision, hearing loss, and erectile dysfunction items,
and was found to be reliable, valid, and sensitive [45, 49]. The EORTC
QLQ-CIPN15 is another reduced-item version that deletes an additional problematic
item about driving ability, based on data obtained following cognitive interviews
with 25 patients [49]. Empirical evidence supports the 15-item version’s strong
reliability, validity, sensitivity, and responsiveness to change [48].

3.4.2 FACT/GOG-Ntx

The Functional Assessment of Cancer Therapy (general version) (FACT-G) is a
27-item questionnaire that measures health-related quality of life in patients with
cancer and chronic illnesses [52]. The FACT/Gynecologic Oncology Group-
Neurotoxicity questionnaire (FACT/GOG-Ntx) includes the 27 FACT-G items and
an additional 11-item subscale that evaluates CIPN symptoms and related concerns
[52], and is currently available in 45 languages [53]. Development of the Ntx
subscale was based on the Gynecologic Oncology Group (GOG-PN) peripheral
neuropathy scale [54]. Each item in the FACT/GOG-Ntx is scored using a 5-point
Likert scale (0 ¼ “not at all” to 4 ¼ “very much”) and summed, with a 7-day recall
period. Higher scores reflect worse CIPN severity.

Empirical evidence indicates that the FACT/GOG-Ntx is a reliable, valid, and
responsive tool for CIPN assessment, is internally consistent across all evaluation
points up to 12 months after initial treatment (Cronbach’s α coefficients > 0.80)
[52], and has moderate to high internal consistency [55, 56]. In a recent study
(N ¼ 343), item-total score correlations and item-item correlations were moderate
to strong (r ¼ 0.66–0.79, 0.34–0.73, respectively) [55]. Contrasting group validity
was confirmed by clinically significant differences in the FACT/GOG-Ntx scores
between patients with and without known neurotoxic chemotherapy ( p < 0.05 at
baseline and 3- and 6-month follow-up) [52]. Further, the FACT/GOG-Ntx was able
to differentiate patients with NCI-CTC grade � 1 from those with NCI-CTC
score < 1 (the Area Under the Curve [AUC] in the Receiver Operating Curve
[ROC] ¼ 0.81) [55]. Scores from objective measures (i.e., pin test, pin sensitivity,
vibration, and cold test) were significantly correlated with FACT/GOG-Ntx scores
over time, providing evidence of good concurrent validity [52], although a recent
study showed low to moderate correlation with monofilament tests. When compared
to the EORTC-QLQ CIPN20, satisfactory convergent validity was supported based
on high correlations (r¼ 0.79–0.93, p< 0.01) [56]. The tool demonstrated moderate
to high responsiveness to change over time in multiple studies [52, 55, 56]. The
FACT/GOG-Ntx 4, a shorter version with only four sensory-specific items, is
reliable and valid despite its reduced length [55].
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3.4.3 PRO-CTCAE

Since substantial evidence indicates that the NCI-CTCAE grading scale is less
effective in detecting patients’ symptomatic adverse events than PRO measures,
the NCI developed the PRO-CTCAE (Patient-Reported Outcomes version of
Common Terminology Criteria of Adverse Events) [57, 58] to complement the
clinician-graded CTCAE. Currently, 78 adverse events listed in the CTCAE are
available in the PRO-CTCAE [58], including two items relevant to CIPN: the
severity of numbness and tingling in hands or feet, and the interference of those
symptoms in daily activities [3]. Each item is scored on a 5-point scale (“none” to
“very severe” for the severity, and “not at all” to “very much” for the interference),
with a 7-day recall period.

The PRO-CTCAE has demonstrated good reliability, validity, and
responsiveness [59]. In one study (N ¼ 975), all PRO-CTCAE items were strongly
correlated with the conceptually related EORTC QLQ-C30 items [59]. The two
CIPN-related items exhibited moderate to strong test–retest reliability (ICC ¼ 0.80
for the severity and 0.55 for the interference) [59]. Most PRO-CTCAE items were
able to distinguish subgroups based on low and high ECOG performance status,
cancer type, treatment, or other clinically related factors [59]. In a recent comparison
between the PRO-CTCAE and the EORTC-QLQ CIPN20, the correlation between
the two CIPN-related PRO-CTCAE items and the sensory and motor subscale scores
were moderate to high (PRO-CTCAE severity: sensory r ¼ 0.76, motor r ¼ 0.55;
PRO-CTCAE interference: sensory r ¼ 0.78, motor r ¼ 0.77) [51]. However, the
correlation with autonomic subscale scores in the EORTC-QLQ CIPN20 was low
(severity: r ¼ 0.14, interference: r ¼ 0.28) [51]. The two CIPN-relevant items were
responsive to change based on effect size data [59]. Lastly, the PRO-CTCAE could
detect CIPN symptoms in early or mid-treatment (11–19%), which were not detected
by the NCI-CTCAE grading scale during the same period [40].

A large, multi-site national oncology clinical trial (N ¼ 153) in the United States
demonstrated that it is feasible to implement PRO-CTCAE in the research settings
[60]. Patient compliance ranged from 72 to 86% with a median time of 15 min
(range, 0–60 min) taken per patient to complete PRO-CTCAE [60]. The median time
needed for clinical research professionals to learn about the system was 60 min
(range, 30–240 min), and it took 10 min to teach patients (range, 2–60 min)
[60]. These results suggest that PRO-CTCAE can be adopted in clinical research
settings with minimal workflow disruption for researchers and burden for patients.

3.4.4 PRO Measures for the Assessment of Functional Limitations

Although substantial evidence indicates that most PRO measures are valid to
evaluate CIPN-related symptoms, some measures do not capture CIPN-associated
interference with patients’ daily activities [3]. To address this gap, several PRO
measures are available for the specific assessment of functional limitations related
to CIPN.
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3.4.4.1 Patient Neurotoxicity Questionnaire (PNQ)
The PNQ was developed by BioNumerik Pharmaceuticals to quantify the severity of
CIPN-related symptoms [61]. This 3-item scale evaluates sensory, motor, and
functional loss with an A–E scale: score A ¼ no symptoms, E ¼ severe symptoms
[61]. In addition, patients who score their symptoms as D or E are required to select
the type of activity interference experienced [61]. The PNQ distinguishes between
the absence (score � C) and presence (score >C) of the neuropathic symptoms that
interfere with patients’ daily activities [61–63]. A phase III trial (N ¼ 300) of
adjuvant taxane chemotherapy in patients with an operable breast cancer supports
the measure’s validity and responsiveness [63, 64]. In this trial, the PNQ and the
FACT/GOG-Ntx scores were obtained from patients, while NCI-CTC grades were
obtained by physician raters [64]. PNQ scores encompassed the full score range,
whereas NCI-CTC scores were 0 or 1 [64]. In particular, patients who reported
maximum sensory and motor neuropathic symptom scores often received physician-
rated NCI-CTC grades of 0 or 1 (weighted κ coefficients¼ 0.16 and 0.02 for sensory
and motor scores, respectively) [64]. Despite the low correlations with the psycho-
metrically weak NCI-CTC scale, PNQ scores were moderately correlated with
FACT/GOG-Ntx scores (r ¼ 0.66 and 0.51 for sensory and motor subscales,
respectively) [64], providing evidence of the PNQ’s convergent validity. Lastly,
PNQ sensory scores were more responsive to change over time than the motor scores
(Cohen’s d ¼ 0.79 and 0.38 for sensory and motor scores, respectively, p < 0.0001)
[64]. However, further evaluations to identify the tool’s reliability are needed.

3.4.4.2 The Rasch-Built Overall Disability Scale for CIPN (CIPN R-ODS)
The CIPN R-ODS is an interval-weighted scale to assess activity limitations and
disability associated with CIPN symptoms [65]. The preliminary version of the
CIPN R-ODS included 146 items of activity and participation outcome items
selected from the International Classification of Functioning, Disability, and Health
(ICF) [65]. In order to select the final items, the researchers conducted a Rasch
analysis to convert ordinal-level items to an interval-level scale based on the
patient’s ability to perform each task (task difficulty) [65]. After the Rasch model-
fitting test, 28 items were selected [65]. Each item is scored as 0 (impossible to
perform), 1 (performed but with difficulty), and 2 (easily performed without diffi-
culty). The scores are summed, and a high score means that the patient is less
disabled and has more ability to complete difficult daily activity tasks [65]. Empirical
evidence supports the internal consistency reliability (Personal Separation
Index ¼ 0.92) and convergent validity with a strong correlation with NCI-CTC
scores [65]. However, it is important to keep in mind that this evidence does not fully
support the CIPN R-ODS’s validity because it was compared to a weak CIPN
measure (NCI-CTC).

3.4.4.3 Chemotherapy-Induced Neurotoxicity Questionnaire (CINQ)
The CINQ was developed to assess the impact of CIPN symptoms on patients’
quality of life and daily activities [66]. It assesses paresthesias and dysesthesias in
the following body parts: arms, hands, fingers, legs, feet, toes, face, and mouth
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[66]. In addition, the CINQ assesses motor (e.g., unbuttoning a blouse, opening a jar,
less strength in legs) and autonomic (e.g., bladder control, erectile dysfunction, dry
vagina) symptoms [67]. Patients rate the presence and severity of symptoms and the
associated impact on daily activity using a 0–5 scale (higher scores reflect more
severe symptoms). Convergent validity has been evaluated through the correlation
with the FACT/GOG-Ntx: the Ntx subscale and the CINQ showed a strong negative
correlation (r ¼ –0.74, p � 0.001) [66]. Further, a strong negative correlation (r ¼ –

0.73, p � 0.001) with the FACT/GOG was demonstrated, which indicates that
severe CIPN symptoms were related to a lower quality of life [66]. When compared
to the Semmes–Weinstein filament tests, a weak but statistically significant correla-
tion was demonstrated (κ ¼ 0.32, p< 0.001) [68]. The CINQ was able to distinguish
between chemotherapy-receiving and chemotherapy-naïve patients in multiple stud-
ies, providing evidence of contrasting group validity [66–68]. However, no evidence
of this tool’s reliability has been published.

3.4.4.4 Chemotherapy-Induced Peripheral Neuropathy Assessment
Tool (CIPNAT)

The CIPNAT assesses CIPN symptom patterns and characteristics (i.e., symptom
occurrence, severity, distress, and frequency), and related performance (interference
with activities) [69]. The CIPNAT has 36 neuropathy symptom-related items and
14 interference-related items. Empirical evidence supports its reliability based on
high test–retest reliability scores (r ¼ 0.93, p < 0.001) and strong internal consis-
tency (Cronbach’s α coefficient ¼ 0.95) [69]. Strong convergent validity has been
demonstrated through comparison to the FACT/GOG-Ntx (r ¼ 0.83, p < 0.001)
[69]. However, the length of the questionnaire (average time to complete ¼ 15 min)
may limit its use in clinical practice settings. Reliable and valid Turkish and Arabic
versions of the CIPNAT are available [70–72].

3.4.5 Miscellaneous PRO Measures

Other PRO measures for CIPN-related symptom evaluation are described below.
Table 3.6 lists symptoms addressed and psychometric properties of each measure.

3.4.5.1 Treatment-Induced Neuropathy Assessment Scale (TNAS)
The TNAS also assesses the severity of CIPN-related symptoms [73]. Version 1.0.
contains 11 items; additional two items covering new domains identified as impor-
tant in cognitive interviewing are included in version 2.0. [73]. Patients rate the
severity of their neuropathic symptoms using a 0–10 scale (0 ¼ the symptom is not
present, 10 ¼ the symptom is as bad as you can imagine), with a 24-h recall period
[73]. It is an efficient method of CIPN assessment based on the short average time to
complete the questionnaire (<2 min) [73]. A preliminary study supports its reliabil-
ity, validity, and sensitivity when tested in a mixed population of patients with
multiple myeloma (n¼ 223) and colorectal cancer (n¼ 186) [73]. When tested with
multiple myeloma and colorectal cancer patients, good internal consistency
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reliability was demonstrated by high Cronbach’s α coefficients (0.86 and 0.87,
respectively) [73]. Version 1.0 was able to detect changes in CIPN symptoms during
the course of treatment [73]. The TNAS version 2.0 moderately correlated with the
EORTC-QLQ CIPN20 (r¼ 0.46–0.64) [73], but its sensitivity was not tested [73]. A
recent qualitative study yielded a modified 9-item measure, TNAS version 3.0
[74, 75], which also demonstrated favorable reliability (Cronbach’s α coeffi-
cient ¼ 0.90) and validity based on moderately strong score correlations with two
of the three EORTC QLQ-CIPN20 subscale scores (r ¼ 0.69, sensory; r ¼ 0.70,
motor; r ¼ 0.32, autonomic) [75].

3.4.5.2 Neuropathy Screening Questionnaire (NSQ)
The NSQ is a 10-item electronic PRO measure developed for use within the
Carevive® Cancer Care Planning System [51]. Patients first report the presence of
numbness and tingling in their hands or feet within the past 7 days, then rate the
severity of the symptom(s) that they indicated as “Yes” [51]. Each item is scored
from 0 to 10: higher scores reflect worse symptom severity. Convergent validity was
supported based on moderately strong score correlations with EORTC
QLQ-CIPN20 scores (r ¼ 0.67, p < 0.001) [51]. In addition, the NSQ was sensitive
(0.67) and specific (1.0) [51]. However, the study sample size was small (N ¼ 25),
and no additional psychometric data have been published.

3.4.5.3 The Scale for Chemotherapy-Induced Long-Term Neurotoxicity
(SCIN)

The SCIN contains 6 items that assess paresthesias, Raynaud’s symptoms, and
ototoxicity [76]. Each item is scored on a 4-point Likert scale (0 ¼ “not at all” to
3¼ “very much”) [76]. Scores are summed and high scores reflect worse CIPN. Data
from a cross-sectional study with testicular cancer survivors (N ¼ 684) support the
SCIN’s internal consistency (Cronbach’s α coefficient ¼ 0.72) [76]. The ototoxicity
subscale was significantly correlated with the audiometry results ( p < 0.00001)
[76]. Because acceptable psychometric properties were confirmed with cancer
survivors (i.e., survivors who had been treated at least 4 years prior), the use of the
SCIN can be used to evaluate chronic CIPN [76].

3.4.5.4 The Chemotherapy-Induced Peripheral Neuropathy
Self-Check Sheet

The CIPN self-check sheet was developed (2015) and primarily tested in Japan
[77]. The CIPN self-check sheet addresses four main categories: upper limbs
(6 items), lower limbs (5 items), pain (2 items), and limitations in daily activities
(1 item) [77]. Each item is scored by Yes/No indicating the presence of symptoms
(e.g., dullness, difficulty discriminating temperature, pain) and the limitation in daily
activities, except for the pain subscale (10-point scale, higher scores reflect severe
pain). The validity of the tool was demonstrated through the cross-classification
method comparing patients’ answers to the CIPN self-check sheet and clinicians’
physical exam and free-style interview [77]. Inter-rater reliability was higher in the
CIPN self-check sheet than clinicians’ physical exam and interview
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(κ ¼ 0.988 vs. 0.501, p < 0.01) [77]. However, no further evidence of psychometric
properties has been published.

3.4.5.5 Indication for Common Toxicity Criteria Grading of Peripheral
Neuropathy Questionnaire (ICPNQ)

The ICPNQ was developed to monitor the consistency and accuracy of the
NCI-CTCAE grades in multiple myeloma patients [78]. The ICPNQ assesses sen-
sory (5-item), autonomic (9-item), and motor (3-item) symptoms [78]. Patients select
“Yes” if a symptom was present within the past seven days. In addition, each item in
the sensory category requires patients to select the place (e.g., toes, fingers) where
they have symptoms. The motor symptoms category covers a loss of muscle strength
in the arms and legs, and limitations in self-care and instrumental activities of daily
living. Psychometric evaluation in multiple myeloma patients (N ¼ 156)
demonstrated favorable reliability for the sensory and motor scales, but not for the
autonomic scale (Cronbach’s α coefficient ¼ 0.84, 0.74, and 0.61, respectively)
[78]. When compared to the EORTC-QLQ CIPN20, correlations were moderate to
high (r¼ 0.40–0.72, p< 0.001), which supports good validity [78]. The ICPNQ has
only been tested in multiple myeloma patients in a single cross-sectional study.

3.4.5.6 Oxaliplatin Associated Neurotoxicity Questionnaire (OANQ)
The OANQ was initially used in a Phase I clinical trial of an oxaliplatin- and
capecitabine-containing chemotherapy regimen [79]. This 19-item questionnaire
evaluates oxaliplatin-specific peripheral neurotoxic symptoms in three main areas:
upper extremities, lower extremities, and oral/facial [79]. Patients answer Yes/No to
whether each symptom exists, then score the symptom severity on a 1–4 scale if they
indicated Yes; higher scores reflect worse CIPN symptoms. In addition, patients are
required to score each symptom’s interference with their daily activities, on a 1–4
scale; high scores reflect extreme interference. Results from a small pilot study
(N ¼ 23) support the OANQ’s strong internal consistency (Cronbach’s α
coefficients ¼ 0.840–0.935) and test–retest reliability based on overall excellent
reproducibility (ICC > 0.75 in 83%, weighted κ > 0.80 in 59% of all items)
[80]. However, the sample size in this study was small and no additional evidence
of validity or responsiveness has been published.

3.5 Pain Scales

Although most PRO measures include one or two items about CIPN-related pain,
they do not provide a comprehensive assessment of CIPN pain characteristics
[3, 81]. More specifically, CIPN PRO measures neither characterize nor quantify
the distinct types of painful CIPN, such as painful numbness or painful tingling
[81]. Therefore, several general pain scales are currently used for quantifying CIPN-
associated painful symptoms. In addition, several scales exist that assess neuropathic
pain symptoms experienced by patients with CIPN. Table 3.7 summarizes the CIPN-
related pain characteristics quantified by each measure, and the psychometric
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properties of the measure based on studies that were conducted in a CIPN
population.

3.5.1 General Pain Scales

Published empirical evidence suggests that several general pain scales can be used to
assess CIPN-related pain.

3.5.1.1 Brief Pain Index (BPI)
The long-form BPI is a well-validated tool that can be used to assess pain history,
intensity, location, and quality of pain [82]. The BPI Short Form (BPI-SF) is
recommended for use in clinical trials due to its conciseness and availability in
multiple languages [83]. The BPI-SF has two main sections: pain severity (6-item)
and pain interference (1 item). The pain severity items measure “worst,” “least,”

Table 3.7 Pain scales–neuropathic pain characteristics addressed and psychometric properties
evaluated in chemotherapy-induced peripheral neuropathy (CIPN) population

Pain
presence

Pain
severity

Interference
with daily
activities

Psychometric evaluation in
CIPN population

BPI Short Form
(BPI-SF)

√ √ √ Contrasting group/construct
validity [84]

Pain Intensity Numerical
Rating Scale (PI-NRS)

√ √ Test–retest reliability [85]

Visual Analogue Scale
(VAS)

√ √ Test–retest reliability
Responsiveness [8]

Neuropathic Pain Scale
for chemotherapy-
induced neuropathy
(NPS-CIN)

√ √ Internal consistency validity
Contrasting group validity
Convergent validity (with
NCI-CTC) [8]

Neuropathic Pain
Symptom Inventory
(NPSI)

√ √ Chinese version—internal
consistency validity,
internal consistency
reliability [91]

The PROMIS-Pain
Quality Neuro
(PROMIS-PQ Neuro)

√ √ –

The Douleur
Neuropathique 4 (DN4)

√ Sensitivity, specificity [94]

The Leeds Assessment
of Neuropathic
Symptoms and Signs
(LANSS)

√ Sensitivity, specificity [94]

ID Pain √ Convergent validity,
sensitivity, specificity [96]

BPI, Brief Pain Inventory; NCI-CTC, National Cancer Institute-Common Toxicity Criteria;
PROMIS, Patient-Reported Outcome Measurement Information System
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“average,” and “right now (current)” pain [83]. Each pain severity item is scored
from 0 ¼ “no pain” to 10 ¼ “pain as bad as you can imagine.” In addition, patients
are required to mark the place(s) where they have pain on a body map. The pain
interference items measure the extent of interference with seven daily activities (i.e.,
general activity, walking, work, mood, enjoyment of life, relations with others, and
sleep) [83]. Each pain interference item is scored from 0 ¼ “does not interfere” to
10 ¼ “completely interferes.” Two additional items ask about the presence of
abnormal pain and the percentage of relief provided by medications or treatments.
However, the usefulness and psychometrics of the two items have not been tested
[83]. Although no studies directly evaluate the BPI’s psychometric properties when
used to assess CIPN pain, one study found that 59% of patients with CIPN who
received duloxetine reported a decrease in BPI scores, compared to 38% of the
placebo group patients [84]; this provides empirical evidence of contrasting group/
construct validity.

3.5.1.2 Pain Intensity Numerical Rating Scale (PI-NRS)
The PI-NRS is an 11-point numerical pain rating scale. Pain severity is scored from
0 (no pain) to 10 (worst possible pain), with a 24-h recall period [85]. A psychomet-
ric evaluation with stable CIPN patients (N ¼ 281) exhibited favorable test–retest
reliability (0.768) [86]. Other evidence that supports the PI-NRS’ reliability, valid-
ity, and responsiveness in evaluating CIPN-related pain has not been published
to date.

3.5.1.3 Visual Analogue Scale (VAS)
The VAS is a widely used pain measurement scale that evaluates a characteristic or
attitude toward pain from patients’ perspectives [87, 88]. The VAS measures pain as
a continuous spectrum [87]. A horizontal 100 mm line has anchors representing the
complete absence of a symptom on one end of the line and extreme symptom
severity on the other end [88]. Patients draw a mark on the line to indicate the
degree of symptom severity experienced, and the score is the number of millimeters
to the patient’s mark. In a study with stable CIPN patients (N ¼ 281), the VAS
demonstrated good test–retest reliability (0.724) [86]. A study with patients receiv-
ing paclitaxel- (n¼ 59) and docetaxel-containing (n¼ 34) regimens used the VAS to
evaluate CIPN-related pain and numbness separately [89]. Results showed that the
patterns of pain and numbness were slightly different in the two groups, and that the
VAS could appropriately recognize the change in neuropathic symptom severity
over time [89]. Further, the two different chemotherapy regimens caused signifi-
cantly different CIPN pain and numbness change patterns over time [89].

3.5.2 Neuropathic Pain Scales

Painful CIPN is classified as neuropathic pain because it arises from damage to
peripheral or central nervous system tissue; therefore, neuropathic pain scales can be
used to quantify painful CIPN.
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3.5.2.1 Neuropathic Pain Scale for Chemotherapy-Induced Neuropathy
(NPS-CIN)

The NPS-CIN, a 6-item pain scale that assesses intense, unpleasant, sharp, deep,
numb, and tingling pain qualities within a 24-h recall period [8, 22], was modified
from existing pain scales: the Neuropathic Pain Scale (NPS) and the Pain Quality
Assessment scale [8, 22]. Each item of the NPS-CIN is scored using a 5-point scale
(0 ¼ “not at all” to 4 ¼ “excruciating”), and the scores are then summed to obtain a
total score. Empirical evidence supports the measure’s strong internal consistency
reliability (α ¼ 0.96) [22]. Moreover, because NPS-CIN scores were significantly
higher in patients with diabetes—a risk factor for developing more severe CIPN—
than in those without this diagnosis, this provides evidence of contrasting group
validity [8]. Although the NPS-CIN scores were moderately correlated with the
NCI-CTC sensory scores (r ¼ 0.63) [8], a correlation with the weak NCI-CTC
should be interpreted cautiously, as stated previously.

3.5.2.2 Neuropathic Pain Symptom Inventory (NPSI)
The NPSI is a 12-item questionnaire that contains four pain characteristics: sponta-
neous, paroxysmal, evoked, and dysesthesia/paresthesia [90]. Ten items quantify
various neuropathic pain characteristics and are scored using a 0–10 scale (higher
scores reflect severe pain) with a 24-h recall period, and two items assess the
duration of spontaneous pain and paroxysmal pain [90]. Empirical evidence supports
good reliability and validity [90]. In a psychometric evaluation for CIPN conducted
in China with the Chinese version of the NPSI (C-NPSI) (N¼ 106) [91], the C-NPSI
demonstrated high internal consistency reliability (Cronbach’s α coefficient ¼ 0.9)
[91]. Item-item correlations and item-total score correlations ranged from 0.082 to
0.429, supporting a weak but statistically significant positive correlation ( p < 0.05)
[91]. However, convergent validity was not tested via score comparisons with
reliable and valid CIPN measurements; the C-NPSI scores were only compared to
scores from a mood status measurement.

3.5.2.3 PROMIS-PQ Neuro
The Patient-Reported Outcome Measurement Information System (PROMIS) is a
comprehensive measurement system of PRO measures related to numerous common
medical conditions [92]. The PROMIS-Pain Quality Neuro (PROMIS-PQ Neuro)
scale, derived from the PROMIS pain quality items, specifically assesses neuro-
pathic pain symptoms [92]. This 5-item measure addresses numbness, tingling,
pinprick pain, stinging, and electrical (shock-like) symptoms with a 7-day recall
period [92]. While acceptable reliability and validity were demonstrated in all
neuropathic pain types, including CIPN (n ¼ 134), no other studies have evaluated
its psychometric properties specifically for CIPN assessment.

3.5.2.4 The Douleur Neuropathique 4 (DN4)
The DN4 was developed by The French Neuropathic Pain Group to address the
difference in chronic neuropathic pain induced by neurological (peripheral or cen-
tral) and somatic tissue injuries [93]. The DN4 assesses four main categories:
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description of pain, paresthesia/dysesthesia, sensory deficits, and evoked pain
[93]. Patients identify whether they have paresthesia/dysesthesia and pain, and
clinicians use physical examination techniques to assess hypoesthesia to touch
and/or pinprick, and brush-induced pain [93]. In a cross-sectional study with
N¼ 358 cancer patients undergoing active chemotherapy, the DN4 exhibited overall
moderate to high sensitivity (87.5%) and specificity (88.4%) [94]. The DN4 was
more sensitive to detect mild neuropathic pain than the Leeds Assessment of
Neuropathic Symptoms and Signs (LANSS) [94]. However, no further published
evidence supports the tool’s reliability and validity for CIPN-related pain
assessment.

3.5.2.5 The Leeds Assessment of Neuropathic Symptoms and Signs
(LANSS)

The LANSS was developed to distinguish neuropathic from nociceptive pain
[95]. The scale contains seven screening questions scored by “Yes” (1–5) or “No”
(0) [95]. The LANSS uses several descriptors of neuropathic pain (e.g., pricking,
tingling, electric shocks), so that the tool can distinguish neuropathic and
non-neuropathic pain [95]. If the total score is less than 12, the pain is not neuro-
pathic [95]. When compared to the DN4, the LANSS demonstrated higher specific-
ity (93.4%) but lower sensitivity (65.8%) [94]. No other published evidence
supporting the tool’s reliability and validity for CIPN-related pain assessment is
available.

3.5.2.6 ID Pain
The ID Pain is a 6-item scale that also differentiates neuropathic from nociceptive
pain [96]. The ID Pain uses 6 descriptors of neuropathic pain (e.g., pain feels like pin
and needles, hot/burning, electric shocks) to help distinguish nociceptive pain and
neuropathic pain [96]. Each item is scored by “Yes” (1, except for the question
asking about limitations of joints ¼ –1) or “No” (0); higher total scores reflect pain
with more neuropathic components [96]. Cut points that delineate the presence of
neuropathic pain are as follows: very likely neuropathic pain (score 4 or 5), likely
neuropathic pain (score 2 or 3), possible neuropathic pain (score 1), and unlikely
(score 0 and –1) [96]. In a cross-sectional study with breast cancer patients receiving
taxane-containing chemotherapy (N ¼ 240), the ID Pain scores were significantly
correlated with a clinical diagnosis of neuropathic pain (positive neuropathic
pain � ID Pain score 2, rs ¼ 0.41; p < 0.0001) [96].

Further, the ID Pain scores were significantly correlated with the LANSS
(r ¼ 0.58; p < 0.005) [96]. Lastly, the ID Pain demonstrated high specificity (86%
with clinical diagnosis, 93.5% with the LANSS) and moderate sensitivity (50% with
clinical diagnosis, 67% with the LANSS) [96].
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3.6 Functional Tests

Patients with CIPN commonly report functional deficits that increase fall risk and
negatively affect overall quality of life [97, 98]. Thus, upper and lower extremity
functional ability should be evaluated in clinical practice and research settings using
previously described PRO surveys; the following functional tests may also be useful
outcome measures in clinical trials [99].

3.6.1 Postural Stability Tests

Loss of sensation in the plantar surfaces of the feet, foot drop, and reduced lower
extremity muscle strength are physical manifestations of CIPN that increase fall risk.
Although complex testing protocols and specialized equipment (e.g., forceplate)
have been used in research settings to assess postural stability, empirical evidence
supports the reliability and validity of two clinical measures that are easier to use: the
Timed Up & Go (TUG) test and the Fullerton Advanced Balance Scale (FABS).

3.6.1.1 The TUG (Timed Up and Go) Test
The TUG test is a reliable and valid method for assessing mobility and functional
stability when used with older frail individuals [100], community dwelling elders
[101], and patients with diabetic neuropathy [101]. Published data suggest that the
TUG has good sensitivity (87%) and specificity (87%) to detect increased fall risk
[101]. The assessor uses a stopwatch to record the number of seconds needed for the
patient to rise from a chair, walk three meters, turn around, and return to and sit down
on the chair [100]. The patient is instructed to “GO,” and timing begins when the
buttocks leave the chair.

3.6.1.2 FABS (Fullerton Advanced Balance Scale)
The FABS quantifies the patient’s ability to perform 10 tasks that require balance.
The assessor scores each item from 0 to 4 and sums the scores (maximum
score ¼ 40): high scores reflect more impairment and scores above 22 are predictive
of increased fall risk in independently-living older adults [102, 103]. Individuals
complete the following tasks: (1) stand with their feet together and eyes closed,
(2) lean forward to reach for an object, (3) walk in a tight circle (both directions),
(4) step onto and over a 6-inch bench, (5) tandem walk (heel-to-toe), (6) stand on one
leg, (7) stand on a foam pad with eyes closed, (8) jump for distance, (9) walk with
head turns, and (10) attempt recovery from an unexpected loss of balance
[102]. Empirical evidence supports the FABS’s validity, reliability, and sensitivity
when used with older patients and those with Parkinson’s disease or breast cancer
[29, 102–105]. Although testing takes minimal time (approximately 10 min), special
testing equipment is required, including a 6-in. high bench and foam pads. There-
fore, use of the FABS outside of a research setting may be challenging.
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3.6.2 6-Minute Walk Test (6MWT)

This test is easy to administer and can be used to assess walking ability in patients
with CIPN [106]. Patients walk between two markers set 15 m apart as many times
as possible over six minutes. In a diverse sample (N ¼ 100) of patients who had
received a wide assortment of neurotoxic chemotherapeutic agents, lower walking
distance scores were associated with worse patient-reported CIPN-R-ODS disability
scores (r ¼ 0.63) and CIPN based on TNSc (r ¼ 0.48) and EORTC CIPN20
(r ¼ 0.50) scores [106].

3.6.3 Grooved Pegboard Test

In addition to lower extremity function, CIPN can compromise the ability to perform
everyday tasks that require fine motor skills, such as buttoning/zipping clothing,
writing, or holding utensils. The Grooved Pegboard Test, also called the nine-hole
peg test, can quantify fine motor skills in patients with neuropathy. Patients are timed
as they fill in nine pegboard slots with pegs, and then remove the pegs, one at a time.
Although the pegboard test has not been validated for assessing CIPN-associated
functional deficits, empirical evidence supports its construct validity based on data
obtained from patients with inherited peripheral neuropathy (Charcot–Marie–Tooth
Disease). Patients had significantly slower dominant hand pegboard speed than did
healthy controls ( p < 0.001) [107]. This test is most feasible for use in research
studies.

3.7 Electrophysiological Assessments

3.7.1 Nerve Conduction Studies (NCS)

Nerve conduction studies (NCS) have long been considered the gold-standard
approach for evaluating peripheral nerve action potential amplitude and conduction
velocity in patients with peripheral neuropathy from diverse causes (e.g., immune-
mediated polyneuropathies, diabetes, toxic neuropathy) [108–110]. These tests
provide information about the physiological function of large myelinated nerve
fibers (Aβ), but cannot quantify small-fiber neuropathy resulting from damage to
thinly myelinated (Aδ) or unmyelinated (c) fibers [111].

Neurotoxic chemotherapeutic agents cause two main types of neuropathy that are
distinguishable with NCS, neuronopathy, and axonopathy. Drugs that target the
nerve cell bodies within the dorsal root ganglion, mainly platinum-based drugs,
cause a non-length dependent neuronopathy, meaning that long nerve fibers—those
extending to the toes—and shorter nerve fibers—those extending to the fingers—are
affected simultaneously. Neuronopathy due to platinum drugs is evidenced by
diminished or absent sensory action potentials in the sural (lower extremity) and
radial (upper extremity) nerves [108].
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Taxanes, vincristine, thalidomide, and bortezomib cause length-dependent
axonopathy from damage to sensory and motor nerve axons [108]. With this type
of neuropathy, signs and symptoms typically emerge in the lower extremities first
and, as neuropathy worsens, extend more proximally to the upper extremities as
well. Nerve conduction studies reveal absent or diminished sural (sensory) nerve
action potentials, and low distal compound motor action potential (dCMAP) in the
peroneal (lower extremity) nerves first, and eventually progress to the shorter median
and radial (upper extremity) nerves [108]. These findings reveal the damage that
occurs before patients become symptomatic.

Neurotoxic chemotherapy can also cause demyelination, which results in dimin-
ished nerve conduction velocity. Reduced motor nerve conduction velocity is
evidenced by F-wave abnormalities [108]. Motor nerve conduction abnormalities
are less common than sensory abnormalities, and are most often associated with
taxane- or vincristine-induced CIPN [112]. By identifying muscle tissue denerva-
tion, electromyography (EMG) can also detect motor neuropathy [109].

Although empirical evidence suggests that NCS obtained at baseline and midway
through a course of neurotoxic chemotherapy can serve as an early biomarker to
predict later severe neuropathy [113], NCS are rarely used to assess CIPN in
non-research clinical settings. The tests are uncomfortable, costly, and inconvenient,
due to the need for a referral to neurology subspecialty services. Further, the
information provided by NCS usually does not provide new information that further
informs clinical decision-making beyond what an oncology clinician can determine
from simpler clinical assessments (i.e., monofilament and tuning fork-based vibra-
tion testing) [114]. Moreover, NCS provide no information about painful small-fiber
neuropathy. For this reason, and based on the premise that symptomatic relief, not
improved physiological function, is the desired outcome, a recent trend is reliance on
PROs, not NCS, to demonstrate intervention efficacy in intervention studies
[99, 115]. However, NCS provide important diagnostic information that can identify
the specific type of polyneuropathy in complex cases when chemotherapy may not
be the sole cause of the neuropathy. Further, NCS can reveal the mechanism of
action of CIPN preventative interventions; therefore, they may be important out-
come variables in physiological experiments.

3.7.2 Autonomic Function Tests

Autonomic neuropathy arises from damage to peripheral nerves that control invol-
untary functions, such as vascular diameter, which affects blood pressure, diaphore-
sis, gastrointestinal and sexual function, and urination [116]. Orthostatic
hypotension (due to impaired neurological control of vascular diameter), constipa-
tion, erectile dysfunction, and urinary incontinence are the typical manifestations of
autonomic CIPN. Tests such as the quantitative sudomotor axon reflex test
(QSART), skin sweat testing, and heart variability assessments quantify autonomic
neuropathy [111, 116]. For CIPN, however, these tests are not recommended
because the findings are no more informative than other assessment approaches
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and generally cannot be directly attributed to CIPN rather than other causes (e.g.,
comorbidity, medication use, diet) [108].

3.7.3 Miscellaneous Electrophysiological Assessments

Other tests, such as nerve excitability studies and microneurography, are available to
quantify peripheral nerve physiological function [108]. Nerve excitability studies
provide information about axon excitability; microneurography is an invasive pro-
cedure: needles are inserted into the nerve to examine nociceptor function in patients
with pain disorders [108]. However, these tests are not used in clinical practice due
to their complexity and the need for highly trained examiners and specialized
equipment. For now, these approaches are most appropriate for use in research
settings when very detailed physiological data are needed to identify CIPN
mechanisms.

3.8 Quantitative Sensory Testing (QST)

Quantitative sensory testing (QST) can be used to assess small and large fiber
dysfunction due to treatment with bortezomib, vincristine, taxanes, and platinums
[108, 111]. Vibration, mechanical stimuli, and varying degrees of warmth/cold are
transmitted through a probe or other device that is applied to the skin at different
locations (e.g., fingers, thenar, face, foot dorsum), and patients report whether they
can detect these sensations. QST is used most often to provide information regarding
specific nerve fiber dysfunction via objective (equipment-generated) and subjective
(patient-reported) assessments of mechanical detection and vibration thresholds (Aβ
fibers), mechanical pain and cold detection thresholds (Aδ fibers), warmth detection
and heat pain thresholds (C fibers), and cold pain thresholds (Aδ and C fibers) [111].

Several methods for conducting QST are described in detail elsewhere [117], a
few of which we will describe here. Vibration threshold is often measured using a
simple Rydel–Seiffer tuning fork (Fig. 3.1), which is placed on bony prominences
bilaterally at the toe, ankle, knee, hip, finger, wrist, and elbow (Fig. 3.2)
[117, 118]. The assessor activates the tuning fork, and obtains a numerical reading
from the standardized fork markings at the point when the patient reports no longer
feeling the vibration, and the findings are interpreted according to age-based norms
[36]. Mechanical detection threshold is determined by applying varying-sized von
Frey filaments, using progressively larger (ascending) and then smaller (descending)
filament sizes. Each filament is applied to the skin for two seconds and the filament
size (size¼grams) that cannot be detected by the patient with each of the five
ascending and five descending testing sequences is recorded and averaged
[117, 118]. Mechanical pain threshold tests involve application to the skin of blunt
needles at varying weights in five ascending and descending series, resulting in an
average weight that elicits pain [117, 118]. For temperature threshold and pain
testing, a probe delivers the sensation. The baseline temperature is typically set at
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32� centigrade and slowly increased by 1�every second (maximum ¼ 50�) until the
patient reports feeling a change in temperature or intolerable discomfort [117–120].

Like any CIPN assessment approach, QST has its advantages and disadvantages.
Unlike NCS methods for quantifying CIPN, QST is non-invasive, cost effective, and
easy to use [111]. However, results can be unreliable due to differences in the
patient’s reaction time and ability to fully participate, skin temperature, equipment
differences, examiner and participant training, and the anatomical sites of testing
used [111, 117, 121–124].

Fig. 3.2 Rydel–Seiffer tuning fork placement. (a) Hip. (b) Finger. (c) Knee. (d) Ankle. (e) Wrist.
(f) Elbow
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3.9 Bumps Test

Another objective approach for assessing finger and hand tactile threshold (numb-
ness) involves the Bumps Test [125]. The patient runs the index finger over a board
that has 12 elevated bumps of different heights. The detection threshold is defined as
the height of the smallest bump detected by the patient [125]. When compared to
healthy controls (n ¼ 166), patients with or at risk for peripheral neuropathy
(n ¼ 103) had statistically significant ( p < 0.0001) higher tactile sensation
thresholds (could only detect the larger bumps) and took longer to complete the
test (mean ¼ 13.6 min) [125]. Tactile threshold scores were also positively
associated with lower Meissner’s corpuscle (mechanoreceptors that detect touch
and vibration sensations) density based on skin biopsy findings [125]. Sensitivity
and specificity to detect impaired sensation were 71% and 74%, respectively
[125]. Further, higher baseline Bumps scores predicted higher CIPN severity
( p ¼ 0.002) in patients receiving oxaliplatin [105].

Therefore, the Bumps test offers a non-invasive alternative approach for objec-
tively assessing upper extremity sensation in research settings. However, given the
requirement for special equipment and the time needed to complete the test, the
Bumps test may have limited utility for routine CIPN assessment and monitoring in
oncology practice settings.

3.10 Skin Biopsy

Small, unmyelinated epidermal nerve fibers innervate the dermis and epidermis,
and die back/disappear when exposed to neurotoxic chemotherapeutic agents
[126–130]. Interestingly, some epidermal nerve fibers actually lengthen to compen-
sate for loss in other fibers [126]. Skin biopsy results quantify the magnitude of
small nerve fiber loss following treatment with neurotoxic chemotherapy
[111, 131]. Patients with CIPN-associated small-fiber neuropathy will have dimin-
ished intraepidermal nerve fiber density (IENFD), expressed as the number of
fibers per millimeter of epidermal length, and fewer Meissner’s corpuscles
[127, 131]. Diminished IENFD has been linked with CIPN-associated pain
[129, 130], but there is conflicting evidence [108]. In one small pilot study
(N ¼ 12), some patients with painful CIPN had improved IENFD following
oxaliplatin or docetaxel treatment when compared to baseline levels [132]. There-
fore, clinicians and researchers have not embraced the routine use of skin biopsy as a
definitive technique for quantifying CIPN.

The biopsy procedure is invasive and mildly uncomfortable, but generally well
tolerated.

However, due to the discomfort associated with the procedure, patients may
decline repeated longitudinal testing. Procedures are standardized for the biopsy,
laboratory processing, and analysis methods [131]. Tissue collection involves a
3-mm punch biopsy 10 cm above the lateral malleolus [111], but tissue may also
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be obtained from other sites (e.g., hand, foot, thigh) [126]. Since IENFD is lower in
males and older patients, the results are interpreted through comparisons to gender-
and age-based norms [131]. Evidence supports the construct validity of IENFD
morphologic evaluation based on correlations with sural sensory nerve action
potential (SNAP); however, evidence about the associations between IENFD and
QST findings is conflicting [131]. Empirical evidence supports excellent intra-rater
(stability) and inter-rater (equivalence) reliability (weighted κ � 0.90) when com-
paring morphologic interpretations provided by the same and different raters [133].

3.11 Biomarkers

Although Chap. 2 outlines numerous biological factors—molecular and genetic—
that are associated with an increased risk of developing CIPN, a brief discussion of
biomarkers is pertinent here because of their potential to serve as indirect measures
of CIPN progression. The caveat is that, despite the potential, no biomarkers are
currently available for use in clinical or research settings to monitor CIPN progres-
sion over time, or the efficacy of biologically targeted interventions. The main
barrier to clinical and research application of biomarkers is directly related to
scientific limitations of the current research. Most studies to date were underpow-
ered, used retrospective designs and/or suboptimal phenotype measures, and had
inadequate control for confounders [134].

3.12 Nerve Imaging

High-resolution ultrasound (HRUS), magnetic resonance neurography (MRN) and
PET/CT imaging are emerging new radiographic methods that may reveal CIPN-
associated nerve damage. One recent pilot study revealed that the sural nerve cross-
sectional area was smaller in patients receiving paclitaxel (N ¼ 20) than in normal
controls, and smaller sural nerve diameter was associated with lower IENFD density
[135]. Another small pilot study of 20 oxaliplatin-treated patients and matched
controls suggests that MRN can reveal dorsal root ganglion hypertrophy in patients
with NCS-confirmed CIPN [136]; however, NCS scores did not correlate with dorsal
root ganglion size. One interesting case report described NCS and sural nerve
biopsy-based evidence of fluorodeoxyglucose (FDG) PET/CT uptake in bilateral
peripheral and cranial nerves of a woman who had developed confirmed CIPN after
receiving vincristine treatment for lymphoma [137]. Evidence from these early
studies is promising, but the data are not conclusive enough to support routine use
of imaging studies to quantify CIPN.
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3.13 Recommendations for CIPN Assessment in Clinical Practice

The utility of CIPN measurement in clinical practice is limited by the suboptimal
effectiveness of available CIPN treatments. For the most part, PROs are the most
practical and actionable measures to use in a busy oncology or survivorship clinic
because they reveal neurotoxicities that a patient might otherwise forget to mention
(and about which a clinician might forget to inquire without routine implementation
in the clinical workflow). PROs can be administered as part of a larger symptom
assessment (including other important symptoms such as psychosocial distress and
pain), and it is generally more feasible and accurate to collect PROs than to require
clinician reporting of patient symptoms in routine clinical practice, even with
validated scales. Identification of CIPN through biomarkers, nerve conduction
studies, and quantitative sensory testing before patients notice (and can report)
symptoms is unlikely to be highly useful in a clinical setting given the lack of
currently known preventive strategies to employ before symptoms occur or worsen
(other than chemotherapy dose reduction).

Improvement of preventive and therapeutic approaches to CIPN may enhance the
value of incorporating objective measures of CIPN into clinical practice.

3.14 Conclusion

CIPN measurement can occur via clinician report (using clinical grading scales),
patient report, or objective measures of nerve function (which sometimes assess
physical function more broadly). Currently, PROs are most clinically useful. Nfl is a
promising possible biomarker of CIPN, though more research is needed to further
elucidate its utility. High-resolution ultrasound (HRUS), magnetic resonance
neurography (MRN), and PET/CT imaging are emerging new radiographic methods
that may reveal CIPN-associated nerve damage; however, they are not yet ready for
routine clinical use.
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Preventive Strategies
for Chemotherapy-Induced Peripheral
Neuropathy

4

Basic Science and Models for Drug Development

Sebastian Werngreen Nielsen and Jørn Herrstedt

Abstract

There are no clinically relevant, evidence-based preventive strategies for
chemotherapy-induced peripheral neuropathy (CIPN). In this chapter we discuss
how limitations in current animal models lead to insufficient understanding of
CIPN pathophysiology and how drug development for neurodegenerative
diseases in general suffers because of this. We draw on previous studies of
CIPN prevention to reflect upon what can be learned, but this chapter is not a
historical account of past CIPN strategies nor it is an exhaustive list of CIPN
mechanisms in rodents and mice. There are several succinctly well-written and
recent reviews that cover these topics.

We look towards the horizon of CIPN drug development and provide an
overview of the strategies that are emerging. We argue that some of these
strategies herald early signs of methodological change for CIPN research,
where basic science researchers begin to employ a systems biology approach to
model neurological diseases such as CIPN in greater pathophysiological detail.
Here diseases are caused by disruption to biological networks such as the neuron/
neuroglia homeostasis rather than singular mechanisms within individual cell
types. In this new perspective, we suggest three “core mechanisms” of CIPN that
could be modeled within a systems biology methodology. We present studies that
show how new methods, such as single cell multi-omics and bioengineering of
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human 3D organoids, can be analyzed with machine learning algorithms to aid
CIPN drug development.

Keywords

Chemotherapy-induced peripheral neuropathy · Pathophysiological mechanisms ·
Drug development · Explanatory models · Animal studies · Systems biology ·
Machine learning · Multi-omics

4.1 Introduction

Normal science, the activity in which most scientists inevitably spend almost all their time, is
predicated on the assumption that the scientific community knows what the world is like.

– Thomas S. Kuhn, Philosopher of Science, Physicist

A patient recently described his side-effects, as he was filling out a neuropathy
questionnaire. “Everything has changed. When I tighten metal bolts it feel like
someone is tearing off my fingernails. I can only do a few, before I have to stop.”
As a single provider working as a certified electrician, he had become unsure
whether adjuvant chemotherapy had been a good idea given the severity and impact
of his side-effects. He was now a cancer survivor. Surgery and oxaliplatin-based
chemotherapy had cured him, yet his peripheral neuropathy would not allow him to
(ever) heal.

Chemotherapy-induced peripheral neuropathy (CIPN) is one among many late-
effects of cancer treatments that keep many patients in a complex state of survivor-
ship as CIPN symptoms can continue years after treatment has ended. The term
“survivorship” itself implies a transition from patient to survivor and not normality
[1]. This is why prevention of long-term neurotoxicity is of paramount importance.
Prevention is not about treating CIPN, but thwarting its emergence in the first place
and, by extension, offering the possibility of alleviating the impact of survivorship.

The history of CIPN prevention is also the story of drug development and
technological advancement within basic sciences. The paradigm of drug develop-
ment is well known; a new method is applied within biology and it produces new
insights into cellular and/or protein based mechanisms. Targetable proteins/lipids are
reviewed and targeted drugs are tested. First, in cells, then animals and, lastly, in
humans. It is a powerful machine that churns out numerous hopeful mechanisms and
accompanied drugs. Yet, the failure rate of pre-clinical drug development is a
staggering 96% and comes with a lofty price tag for successful drugs [2]. This is
true for CIPN drug development, as well, except, here, the failure rate is 100%, so
far, as there are no effective preventive drugs.

The mechanisms of CIPN that inform drug development have been reviewed in
some 60 review articles (see [3, 4] for 2020 updates of commonly used drugs such as
taxanes and platinum). Many candidate drugs are successful in the early phases of
drug development, but fail the transition from animal to human studies. A
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phenomenon aptly called the “valley of death” in drug development as this is where
most promising drugs meet their end [5]. After more than 50 clinical trials of CIPN
treatment and prevention, we do not seem to be much closer to a solution. The
answer to these failures seems to be that it was the drug that failed, not the
methodology used to derive or test it. Hence we should try again, but only better
[2]. The entire field of CIPN pathobiology seems so caught up in molecular biology
that we forgot to ask the patients if we are researching the right thing. Qualitative
studies of patient perspectives on CIPN show that patients will accept transient CIPN
symptoms in exchange for certainty of treatment efficacy. They only become
concerned about long-term chronic symptoms which become apparent in the
weeks and months after treatment has started or ended [6–8]. Since the mechanisms
involved in acute and chronic CIPN may not always be the same [9], it is concerning
that almost all animal research investigating CIPN pathophysiology applies to the
hours and days following administration. Most emerging strategies will be founded
on mechanistic insight from animal models; so, we are in fact trying to prevent a
form of CIPN (the acute and transient) that patients are not really concerned about,
when we should try to prevent long-term chronic and painful CIPN [10]. In the span
of almost 40 years of CIPN research we argue that no real epistemological change
has occurred in drug development. The first step is almost solely based in a
non-iterative biomechanical reductionism [11], yet this is changing rapidly as new
ideas are implemented in drug development methodology [12].

On the horizon, a novel type of analyses is anticipated to yield potential drugs.
Artificial intelligence (AI) can effectively incorporate the different types of data that
we already have into new models of CIPN [12] (Fig. 4.1). By greatly expanding the
data output on CIPN with the use of “multi-omics”we can continue to use biology to

Biomechanical
Patient-
centered

Epidemiological

Fig. 4.1 Knowledge
domains that can be useful for
CIPN preventive strategy
development
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derive new data on the mechanisms of CIPN [13]. Associations from epidemiologi-
cal studies of patient populations could also provide useful data and promising drugs
such as the repurposing of the oral antidiabetic drug, metformin [14]. High quality
epidemiological studies based on validated registries could also help us determine
whether cancer patients receiving the antihypertensive drug, carvedilol are at less
risk of developing CIPN [15]. Lastly, as care becomes patients-centered, treatments
become personalized and funding agencies demand patient-involvement in research,
we might want to start taking patient experiences and values seriously. This
represents a shift from the traditional evidence-based model where expert and patient
values and experience are considered a poor level of evidence [16]. However, these
“local” forms of evidence and knowledge from clinicians and their patients may hold
many insights and nuances of worth which warrant scientific investigation. An
example of this is cannabinoids: For years patients have been using various canna-
binoid compounds for cancer symptom relief such as neuropathic pain [17] and the
endocannabinoidome is now a major object of research interest within the field of
neurology [18]. We also need patient and clinician insights and classifications to
adequately supervise the formation of future AI based models in order to adequately
predict the outcomes of interest within the field of CIPN [19].

This chapter describes CIPN prevention by tracing the traditional path of mecha-
nistic insights from molecular biology into an emergent reframing of CIPN as
networked mechanisms unfolding within biological systems. We delve into the
limitations of animal models to understand the reasons why every successful animal
study should not be heralded as a promising new emerging strategy. We provide a
comprehensive list of promising drugs and strategies emerging within the last
10 years and unfold the most promising strategies that point towards a new approach
to CIPN pathophysiology based on systems biology. But first, we reflect upon
several overarching problems in CIPN research which we should keep in mind as
we go forward.

In all science, “conceptualization precedes operationalization” [11]. In order to
effectively prevent CIPN, we must first be able to classify and measure CIPN. The
classical categories of central and peripheral neuropathy further detailed by motor,
sensory, and autonomic neuropathy has not led to an accepted gold standard of CIPN
ascertainment or grading [20]. The mechanisms that induce acute and chronic
neuropathy can be distinct from each other and a novel drug that targets acute
neurotoxic mechanisms may not protect against chronic neuropathy [21]. We do
not have a specific biomarker, test, or tool, which ultimately leaves inadequate
methods of measurement. In other words, we lack a good understanding of what
CIPN is. This is emphasized in the discussions and conclusions of almost all CIPN
review articles. But is there a valid overarching concept called CIPN in patients? Or
does the concept of CIPN simply fulfill a need for a common general term, while we
may in fact be dealing with heterogeneous drug-specific neuropathies? At first
glance, this question may seem overly philosophical. However, the implications
regarding it are dire. If the conceptualization of CIPN is vague, classification suffers
equally and subsequent scientific investigations become unfocused. If we are, in fact,
dealing with distinct types of neuropathy, then searching for ONE central
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mechanism of CIPN or ONE preventive measure is futile, for it will simply not exist.
This also entails that if we found one for paclitaxel, it might not work for vincristine
and vice versa [22, 23]. This problem of classification and measurement also has
implications for prevention trials. Meta-analysis of studies and the development of
evidence-based treatment options are hampered by the lack of measurement consen-
sus as well as the incommensurability of differing measurement methods
[20, 24]. As nerve conduction studies are not easily applicable to clinical practice
[20], researchers have turned to the apparent objectivity of psychometrics in the form
of patient-reported outcomes (PROs) as a measure of CIPN categories. However, the
construct validity and reliability of CIPN psychometric scores are far from perfect
and their validity may be confounded by unmet assumptions of the item response
theory such as unidimensionality [25]. Paired with the continued crises of reproduc-
ibility within psychology [26], psychometrics begins to lose its appeal as a scientific
method of CIPN diagnostics. For instance, the psychometrically validated 20-item
questionnaire from the European Organisation for Research and Treatment of
Cancer (EORTC-CIPN20) was designed to distinguish between motor, sensory,
and autonomic chemotherapy-induced neuropathy. This would enable researchers
to adequately assess specific interventions targeted at specific types of
chemotherapy-induced neuropathy. Yet, the psychometric properties of the
EORTC-CIPN20 subscales did not perform as expected when modeled mathemati-
cally, which led researchers to suggest rejecting the CIPN construct and adopt a
simple summation of items representing symptom burden [25, 27].

In this context, CIPN begins to look like an illness that degrades patients’ quality
of life in a myriad of ways which may not always be captured accurately by state-of-
the-art instruments and measures. PROs do not adequately measure underlying
CIPN pathophysiology, and measurements based on technology such as nerve
conduction cannot capture CIPN impact on patient life. Instead, it may be that we
have to do both, when we design CIPN prevention and intervention trials, in order to
capture the complex interrelatedness of the CIPN disease and the CIPN illness in a
comparative and reproducible manner [23, 28].

4.2 Limitations of Extrapolating from Animal Models

Laboratory experiments are faster, cheaper, safer, and easier to do than are clinical
trials in humans. While novel laboratory models based on human biology are being
developed [29, 30], we must contend with the fact that almost all insights on CIPN
mechanisms are from single cell type studies or animal models and that almost 80%
of animals were administered paclitaxel or oxaliplatin [31]. We believe that this
poses significant limitations which make extrapolation from the laboratory difficult.
Below we consider three of these limitations.
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4.2.1 Lab Animals Are Not Human Beings

While this statement seems trivial, we think that the implication goes beyond an
important discussion of different mammalian pharmacokinetic and pharmacody-
namic profiles [2]. In 2014, the Lancet commissioned a work on culture and health,
Napier and colleagues appraised the impact of culture on health and biomedicine. In
short, human beings are situated in complex political, economic, and cultural
relationships, which shape human action upon—and experience of the diseased
body and self [32]. As we have briefly touched upon, there if often a very low
correlation between objective and subjective measures of CIPN [28], it may be hard
to predict how human beings will value the effect of a drug by evaluating
measurements from animal studies. Another example of the influence of dynamic
relationships in human worlds is the phenomenon of placebo/nocebo effects, which
are unpredictable and may change over the course of time, causing RCT methodol-
ogy to weaken [33]. In some ways, the controlled environment of the lab is a world
apart from the environment of patients, as patients “will often have their own
interpretation of what is going on in these trials, and this interpretation may
influence their responses over and above the behavior intended by the
experimenters” [34].

4.2.2 Administration and Measurement Methods in Lab Animals
Are Not Suited for Human Trial Designs

In a 2014 article, Höke and Ray [35] succinctly describe numerous problems with
current animal models, in regard to selection of animals, mode of administration, and
outcome measurements. In short, intrathecal or intraperitoneal administration of
chemotherapy is one of the many disparate problems in animal models. Simply
factoring in the pharmacodynamic difference between administration methods is not
enough, as other synergies and effects may be underestimated or neglected. These
may be chemotherapy-induced dysregulation of gut microbiome, which mediate
microglia maturation [36], microbiome specific metabolism and regulation [37, 38],
and the subsequent impact and emergence of different metabolomic profiles
[39]. These field specific methods also apply to measurement of CIPN outcomes.
However, we would press the issue further than Höke and Ray’s criticism and argue
that extrapolating from hind paw retraction to the experience of pain in human being
requires a certain leap of faith, not only due to the implications of limitation 1, but
also because the CIPN classifications contain more than pain signal transduction.

4.2.3 Using Monotherapy Models in a World of Combination
Chemotherapy and Complex Patient Trajectories

Only monotherapy has been investigated in animal models. As clinicians, we very
rarely use drugs such as paclitaxel and oxaliplatin as monotherapies, but in
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combination with other (sometimes neurotoxic) chemotherapies and numerous
supportive care drugs. For instance, a retrospective cohort study showed that con-
current use of bevacizumab is associated with increased risk of CIPN [40] and the
neurotoxic effect of cisplatin combined with paclitaxel is different (and greater) than
the neurotoxicity induced by single agent administration [41, 42]. Perhaps the
greatest impact of limitation 3 is imparted by the fact that 55% of cancer patients
presented with at least one comorbidity and 35% were subjected to polypharmacy at
diagnosis [43]. New models of CIPN, such as neuroinflammation and mitochondrial
mitostasis, indicate that the road from neurotoxic damage to CIPN is influenced by
many factors, other than the neurotoxic drug itself. Recent evidence even suggests
that there may be a significant interaction between the physiological consequences of
cancer and the development of CIPN [44].

In addition to these three limitations, several more exist; their impacts have been
investigated in a large meta-analysis of 337 animal studies of CIPN [31]. Some have
argued that the limitations of using animal models to derive new causative pathways
are not fundamental [45, 46] and simply need to be improved [47]. However, in other
multifactorial neurological diseases, such as Alzheimer’s disease, drug development
has also been disappointing [48]. In a 2009 systematic meta-analysis of
100 experiments, Perel and colleagues concluded that the lack of translatability
between non-human animals and humans, across many different diseases, may entail
that current animal studies do not accurately represent human diseases [49]. Based
on this, we are concerned that mechanistic insight from an animal model is
overemphasized in CIPN drug development. Despite these fundamental limitations
and failures, animal research continue to receive more funding than clinical
research [50].

4.3 Research on Preventive Models of CIPN

Potential preventive drugs for CIPN started appearing in the mid-1980s to 1990s.
Hydration therapy for cisplatin-induced nephrotoxicity had been implemented,
treatments for cisplatin-induced nausea and vomiting had emerged and cisplatin-
induced neurotoxicity was becoming a dose limiting factor for patients with ovarian,
bladder, and testicular cancers [51]. Two candidate drugs (Org2766; ACTH ana-
logue [52] and Ethiofos; or amifostine [53]) were found to elicit neuroregenerative
properties in cellular and animal models. Initial trials were promising, but each drug
failed replication in larger RCTs [54, 55] and Org2776 even seemed to increase
CIPN severity.

Throughout the 1990s, 2000s, and 2010s several potential drugs have come and
gone in this way, while the list of anti-cancer therapies that induce neurotoxicity has
grown ever longer [56]. A quick search reveals that around 60 review articles hold
the sum of our mechanistic knowledge about CIPN. Eight of these have been
published so far in 2020 [3, 4, 21–23, 57–59]! Upon reading these reviews, it
seems we have accumulated vast amounts of knowledge about CIPN pathophysiol-
ogy. However, piecing it together is not an easy task and roaming through the
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information leaves a person with pieces of a puzzle that do not offer an explanation.
When confronted by an evident change from normality brought on by neurotoxic
chemotherapy, one might ask: Are we looking at the beginning, the middle, or the
end of a cascade of molecular and cellular events and are these changes representa-
tive of what happens in humans? Take the case of paclitaxel-induced neuropathy, the
dorsal root ganglion (DRG) is invaded by inflammatory cells [60], why? The authors
point to upregulation of proteins such as monocyte chemoattractant protein-1
(MCP-1) via activation of toll-like receptor 4 (TLR4), they show that animals
develop allodynia and that this phenomenon could be reversed by administration
of anti-MCP-1 antibodies. At first it seems elegant, maybe we should initiate a trial
of anti-MCP-1 antibodies in humans? But then you remember the limitations of
animal studies. Paclitaxel was administered as a single agent via intrathecal injection
in male-only rats. Animals were followed for 21 days, in total. Combined with the
fact that TLR4 receptor sequence, expression, and function in humans are very
different from what has been observed in animals [61], how should we begin to
interpret the implications of this study? Is it useful? Hypothesis-generating? Is it just
a laboratory phenomenon with no clinical implication?

There must more be consistency between the proposed drug target, its role in
confirmed CIPN pathways and it must be able to predict alleviation of pathology
confirmed in patients, such as swelling of the DRG or loss of IENF [62]. State-of-
the-art neuroscientific insights tell a story of a complex corporation between
neurons, glia, and immune cells that CIPN animal studies do not encompass. They
expose the fact that CIPN animal models suffer from reductionist thinking that
frames CIPN as a mechanical problem when we might, in fact, be dealing with a
relational one.

Next, we will review some of the most important major sites of neurotoxic
damage. Several recent and well written reviews covering new preventive measures
and mechanisms exist (Pellacani and Eleftheriou [57] for drug-specific neurotoxic
mechanisms, Hu et al. [63] for an overview of CIPN mechanistic pathways in
relation to emerging drugs and Argyriou et al. [23] for field expert opinion). With
so many recent reviews we will approach the subject from an untraditional angle of
basic neuroscience, in order to reach a different perspective on CIPN. We will
review central neuronal structures and try to relate these to confirmed pathological
lesions in humans. Singular mechanisms are elicited in animal models, but appear to
be less important within molecular and cellular systems that are networked in the
human body. So we begin each section by providing the most recent insights of the
complex networks that CIPN mechanisms change and unfold within. We do this in
order to provide a relevant backdrop for the numerous animal models of CIPN. We
hope this will leave the reader with a representative impression of core CIPN
pathophysiology in relation to neuronal basic science context which animal models
try to solicit. The denotation of “core” applies to mechanisms that are sufficiently
established by translational research and that manifest in major classes of neurotoxic
drugs: platinum, taxanes, vinca alkaloids, and bortezomib. It is also important to
remember that every type of chemotherapy has more than one drug-specific
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Table 4.1 Mechanisms associated with development of CIPN

Mechanism Associated with Implicated components References

Neuroinflammation Platinum,
taxanes,
bortezomib,
vinca alkaloids

TNF-α", IL-1β", IL-6", IL-10#, IL-4
#, MCP-1", TLR4, α7 nAChR,
CAMKII, CB2",

[25, 60,
64–66]

Mitochondrial
dysfunction

Platinum,
taxanes,
bortezomib,
vinca alkaloids

mPTP, VDAC, mDNA, mETC-Ps,
ROS", β-Tubulin, Bcl-2

[4, 23, 67,
68]

Axon degeneration Taxanes,
platinum, vinca
alkaloids

DLK, MAPKs, Sarm-1, IP3R1 [23, 69,
70]

Lipid membrane
dysregulation

Platinum,
taxanes,
bortezomib

S1P", GM1, ROS-LP [23, 71,
72]

Ion channel
dysregulation

Platinum,
taxanes,
bortezomib

Nav1.7", Kv7 #, Cav3.2 T#",
Cav2.3", Cav2.2", NMDAR,
TRPV1", TRPA1", TRPM8", Na+/K
+-ATPase#, K2P2.1#, K2P 4.1#
(more in [73])

[3, 4, 21,
67, 74, 75]

DNA modification Platinum pt-DNA, APE1 (NER) [4, 23]

Intracellular
signalling
transduction

Platinum,
taxanes, vinca
alkaloids

Ca2+, HSF-1; PKC, NFκB, AT1R",
p53,p38,p75, MAPKs, ATF3, JNK

[3, 4, 23,
57, 76]

Extracellular
matrix
dysregulation

Paclitaxel MMP2,9&13 [3, 9]

Selective organic
ion transporters
(SLCs)

Oxaliplatin,
paclitaxel

OCT-N1(2), OATP-1B1, OATP-1B3 [23]

Intercellular signal
mediation

Paclitaxel,
vincristine

SGC and astrocyte gap-junctions" [3, 77]

TNF-α, tumor necrosis factor Alpha; IL-, interleukin-; TLR4, toll-like receptor 4; MCP-1, mono-
cyte chemoattractant protein-1; CAMKII, calcium/calmodulin-dependent protein kinase II; mPTP,
mitochondrial permeability transition pore; VDAC, voltage-dependent anion channel; mDNA,
mitochondrial DNA; ROS, reactive oxygen species; mETC-Ps, mitochrondrial electron transport
chain proteins; Bcl-2, B-cell lymphoma 2; DLK, dual leucine zipper kinase; MAPK, mitogen-
activated protein kinases; IP3R1, inositol 1,4,5-triphosphate receptor 1; Sarm-1, sterile alpha and
TIR motif containing 1; CB2, cannabinoid receptor 2; S1P, sphingosine 1-phosphate; GM1,
ganglioside-monosialic acid 1; ROS-LP, ROS-mediated lipid peroxidation; α7 nAChR, alpha
7 nicotinic acetylcholine receptors; KV7, voltage-gated potassium channel 7; Cav-, T-type calcium
channel; NMDAR, N-methyl-D-aspartate receptor; TRPV1, transient receptor potential vanilloid-1;
TRPA1, transient receptor potential ankyrin 1; TRPM8, transient receptor potential melastatin 8;
K2P-, potassium channel subfamily K member 2.1 and 4.1; APE-1, apyrimidinic endonuclease/
redox effector factor-1; NER, nuclear excision repair; pt-DNA, platinum DNA adducts; Ca2+,
calcium; HSF-1, heat shock transcription factor 1; PKC, protein kinase C; NFκB, nuclear translo-
cation of nuclear factor-κB; AT1R, angiotensin II receptor type 1; ATF3, activating transcription
factor 3; JNK, c-Jun N-terminal kinase; MMP-, matrix metalloproteinases; SLC, solute carriers
transporter superfamily; OCTN1, organic cation transporters novel type 1 (and 2); OATP, organic
anion transporting polypeptides; SGC, satellite glial cell
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mechanism of inducing neuropathy (see Table 4.1 for an overview of mechanisms
associated with CIPN development).

4.4 The Core Mechanisms

4.4.1 Neuroinflammation

Neuroinflammation can be found in many neuroanatomical structures in humans and
animal models of CIPN. However, the Dorsal Root Ganglion (DRG) takes center
stage in CIPN research. It is a well-defined area located in the neuroforaminae of the
spinal cord, on the borderline between the peripheral nervous system and the central
nervous system. It can be claimed to be neither or both, displaying its own unique
signature of cell types and structure of relevance to CIPN [78]. It has been claimed to
be the site of the central sensory cell body in the peripheral nervous system. Here
sensory neurons relay information, from the peripheral sensory bodies, to the spinal
cord. The body of the neuron (the soma) is surrounded by, and encased in, satellite
glial cells, which regulate, nourish, and support it. In fact, there may be eight times
more glial cells, than neurons, in the DRG [78]. In recent years, basic science has
shown that a complex and codependent relationship exists between neuroglia and
neurons [79]. Even though sparse post-mortem material has been collected from
heterogeneous patient populations, conclusions have been conflicting [80] and the
human DRG remains a black box.

Since we cannot get a biopsy from the DRG in humans we cannot achieve any
iterative transnationality in research where target lesion response provides further
guidance for intervention development. However, new nerve imaging technology
can allow us to peek inside the DRG and other nerve structures, as CIPN manifests
[81]. In an elegant study, Apostolidis et al. used in vivo NMR scans of patients
undergoing treatment with oxaliplatin to show that the size of the DRG increases
significantly, compared with controls [82]. This kind of evidence can be used to
validate mechanisms and link findings from the laboratory to the clinic. An increase
in size of the DRG may be a sign of inflammation and drugs that successfully target
neuroinflammation in animals may translate better into human trials when evidence
of neuronal inflammation in CIPN patients already exist. Indeed, a
neuroinflammatory model of CIPN is emerging [64, 83] and several drugs
modulating neuroinflammation are under investigation for prevention of CIPN
[63], Table 4.1. Most of the promising drugs which emerge from a
neuroinflammatory model of CIPN involve modulation of neuroglia and their
response to neurotoxic chemotherapy. There has been some disagreement about
which types of neuroglia are involved in CIPN neuroinflammation [76, 84, 85] and
whether neuroinflammation is located in the PNS, CNS, or both [64, 86]. The case of
minocycline for CIPN prevention gives us some important hints in our attempt to
understand neuroinflammation. Minocycline was found to exhibit preventive effects
on CIPN in several animal models via a proposed modulatory effect on microglia
inflammatory pathways [87, 88]. Unfortunately, a randomized trial in 47 patients
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recently assessing the anti-neuroinflammatory effect of minocycline in paclitaxel-
induced peripheral neuropathy did not show any effect in humans measured on the
EORTC-CIPN20 [89]. There was a small and significant effect on paclitaxel-acute-
pain-syndrome (P-APS) and fatigue; however, the effect on fatigue was not
replicated in another RCT trial of 66 patients [90]. This study supports that
neuroinflammation may still be relevant, but also that animal models will probably
not yield an exact answer to how we should approach neuroinflammation in regard to
CIPN in humans. Differences between mouse and human DRG injury
transcriptomes show that response to injury is species-specific [91] and basic science
of neurodegenerative diseases shows that glial cells are involved in a complex
interrelationship with the microbiome, sleep, and exercise, through inflammatory
and metabolic processes that are human specific [92]. In the face of such complex
species-specificity, only clinical trials in patients will be able to delineate between
effective and ineffective neuromodulatory strategies.

Basic science and animal research show that neuroinflammation is a broad
homeostatic process consisting of a network of intertwined mechanistic pathways
spread across multiple physiological systems connected to CIPN development
[92, 93]. We have unfolded how injury to this system in humans is set apart from
animals on many levels. Inhibition or activation of one path in the system and others
may cause up- or downregulation. This has led some to suggest that a successful
prevention of CIPN requires multimodel drug approaches that mitigate neurotoxic
damage in more than one way [23, 94].

Cannabidiol (CBD) is a new player in this field that may fulfill the need for a
multimodal drug approach, as it displays an interesting plethora of activity in
receptors and systems of interest to CIPN [95]. Recent advances in cannabinoid
pharmacology and CIPN animal models have pushed cannabinoids into the focus of
CIPN research interest [96, 97]. Investigations into the newly coined term
endocannabinoidome have already yielded new treatments for other complex neu-
rological diseases such as refractory childhood epilepsy and multiple sclerosis
[18]. These discoveries build on established research that show cannabinoids have
neuroprotective and anti-neuroinflammatory properties [98–100] mediated, in large
part, by effects on neuronal support cells [101–103]. In animal models of
paclitaxel-induced pain and neuropathy, cannabinoids have been shown to prevent
the development of CIPN in animals [104–106] without compromising chemother-
apy efficacy [107]. With concern to CIPN, CBD is a more potent regulator of
neuroinflammation, cellular stress, and redox homeostasis than is tetrahydrocannab-
inol (THC) [108]. CBD may exert its anti-inflammatory effect on microglia via
competitive inhibition of adenosine transport, leading to increased signaling through
adenosine-receptors [109, 110] which, in itself, is interesting, since agonism of the
adenosine-3A-receptor has been shown to inhibit development of CIPN via spinal
astrocytes [111]. Evidence also suggest that CBD may be able to inhibit the
upregulation of connexin-43 via its inhibitory effect of the FAAH enzyme [110],
which hydrolyze neuronal anandamide (AEA), which is involved in neuroglial/
neuron hemi-channel regulation [112, 113]. This is promising, since recent evidence
shows that these channels can spread neurotoxic damage among glia cells in models
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of CIPN, leading to chronic pain conditioning [77, 85, 114, 115]. As CBD does not
elicit the severe psychotropic side effects of THC [116], it represents an interesting
option for a clinical trial of CIPN prevention.

4.4.2 Neuronal Mitochondrial Dysfunction

Neurons are some of the most energy demanding cells in existence. A large sensory
neuron may have a diameter of 50μm, but an axonal length of up to 1,000,000μm.
That means that many newly synthesized proteins from the soma may need to travel
20,000 times the length of the soma to get to the distal part of the extremities
[117]. The neuron (and glia cells) accomplishes this feat with the help of
mitochondria and a specific form of homeostasis called mitostasis [118]. Mitostasis
is the combined effects of mitochondrial genesis, maintenance, transport, fusion/
fission, and eventual clearance from the cell. Based on these findings, mitostasis is
now being implicated in all complex neurodegenerative diseases and it is difficult to
assess whether mitochondrial dysfunction is a driver of disease or collateral damage
[118]. In animal models, bortezomib, oxaliplatin, paclitaxel, vincristine, and cis-
platin have all been associated with neuronal mitochondrial dysfunction leading to
an imbalance in production of reactive oxygen species (ROS) and ATP [67]. The
“mitotoxicity hypothesis” of CIPN states that each neurotoxic drug damages
mitochondria in a drug-specific way. Drugs targeting oxidative stress in models of
CIPN were successful in a few smaller clinical trials but failed in later and larger
clinical trials [119, 120]. Studies of antioxidant treatments for CIPN taught us that
oxidative stress, in and of itself, is an important CIPN mechanism in humans.
However the drugs tested so far have been ineffective, produced side-effects, or

Table 4.2 Emerging strategies for CIPN associated neuroinflammation

Drug class Specific drug(s) Primary target References

APE-1 APX3330 DNA repair of APE1 [121–123]

Tetracycline Minocycline Microglia [87, 88]

Cannabinoids Win 55,212-2,
MDA-7, Cannabidiol

NAM-CB1, TRPV1, PPAR-
ƴ, A1-2A-agonism

[104, 105,
124–127]

α7 nAChR R-47 Microglia [65]

S1PR agonist/
antagonists

Fingolimod,
Ponesimod,
CYM-5478

SP11, glia cells [71, 72, 128,
129]

Adenosine A3
receptor agonists

MRS5698 Spinal astrocytes [111]

MMP inhibitors N/a MMP 2 and 9 [130]

α7 nAChR, alpha 7 nicotinic acetylcholine receptors; TRPV1, transient receptor potential vanilloid-
1; APE-1, apyrimidinic endonuclease/redox effector factor-1; MMP-, matrix metalloproteinases;
NAM-CB1, negative allosteric modulator of cannabinoid receptor 1; PPAR-ƴ, peroxisome
proliferator-activated receptor gamma
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even showed signs of worsening CIPN [3]. As an alternative, targeting mitostasis
might provide an adequate avenue for new CIPN discoveries (Table 4.2).

Analysis of human breast cancer survivors with persistent paclitaxel-induced
peripheral neuropathy and patients receiving vincristine or bortezomib shows gene
deficiencies in many functions of mitostasis, such as fission, clearance, and mainte-
nance [131, 132]. The molecular genetics of CIPN has recently been reviewed by
Cliff et al. [133]. Mitochondrial transfer between mesenchymal stem cells,
astrocytes, and neurons has been observed in recent studies of cisplatin-induced
neurotoxicity [134, 135], leading to normal cell function via restoration of
mitostasis. This suggests that, just as cellular crosstalk is fundamental for injury
and restoration in the neuroinflammatory model of CIPN, this is also the case in
CIPN-induced mitochondrial dysfunction. While we cannot (yet) manipulate the
Miro-1 pathway in a way that allows mitochondrial transfer from healthy glia to
damaged neurons, other emerging strategies may be able to restore mitostasis by
improving mitochondrial function in CIPN. Evidence from animal studies of
pifithrin-μ shows us that restoring mitostasis may prevent CIPN. Pifithrin-μ inhibits
the accumulation of p53 in mitochondria in response to chemotherapy in a recent
model of cisplatin-induced neuropathy [136]. Besides its well-known involvement
in cancer where p53 is downregulated, p53 upregulation has been shown to be
involved in neurodegenerative diseases [137] and CIPN [136]. Basic science shows
that a complex redistribution and translocation to mitochondria of p53 occur in glia
and neurons following injury, leading to bioenergetic failure, neuroinflammation,
and neurodegeneration [138, 139]. This evidence show that pifithrin-μ prevents
CIPN by mitigating damage to mitostasis; however, this effect may also lead to
downregulation of resulting neuroinflammation, as evidenced in a model of spinal
cord injury [140]. Thus, mitochondrial dysfunction does not develop in isolation, but
bridges to neuroinflammation [141] and programmed axon degeneration [142],
illustrating the need for an explanatory model of CIPN based in pathophysiological
systems and not just mechanisms.

4.4.3 Wallerian-Like Axon Degeneration

While the axons of motor neurons can be involved in CIPN [143], CIPN is more
often associated with sensory symptoms such as allodynia, hyperalgesia, or
dysesthesia manifesting initially in feet and hands. The pseudo-unipolar axon of
the sensory neuron carries and relays tactile information between the peripheral and
central nervous system involving multiple types of axons and associated skin
mechanoreceptors [144] that undergo constant remodeling in the epidermis
[145]. The complexity and amount of sensory input from the hand equals that of
the eye [144]. From the perspective of the neuron, this is an enormous feat, requiring
substantial energy and resources, making it vulnerable to change [145]. CIPN
research shows that axonal transport of these resources (proteins, mitochondria,
mRNA, etc.) is impaired by microtubule-stabilizing agents such as vincristine and
paclitaxel. Based on this, it was hypothesized that the cross-linking of microtubules
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caused transport impairment, eventually leading to the “dying-back”-axonopathy of
CIPN. New evidence show that axonopathy can happen independently of axonal
transport [145] and that microtubules are maintained independently in axonal
segments, a concept called local axon homeostasis [146]. This may explain how
axonal damage is seen beyond terminal arbors of the epidermis, but not in the
proximal subdermal segment of the axon next to it, as witnessed in a CIPN model
associated with a low dose of paclitaxel [147]. It is not that axonal transport is
without importance in CIPN [148], it is more that it is becoming evident that
microtubules, mitochondria, and the endoplasmic reticulum mutually regulate each
other in normal axon biology and injury [146, 149]. This complex interaction of
organelles and proteins at a local axonal level may also explain how neurotoxic
drugs, that do not target microtubules directly, eventually lead to the same outcome
as those that do, namely axon degeneration [150]. Although there is some diversity
in the types of axons that are lost in chemotherapy-induced axonopathy, biopsy
studies in patients verify that all major classes of neurotoxic chemotherapy can
induce a loss of intra- epidermal-nerve-fibers (IENFs) [151, 152]. Preventing
axon-degeneration or enhancing axon-regeneration could provide the means of
combating CIPN development. Strategies that target axon degeneration are
summarized in Table 4.3.

Wallerian axon degeneration describes the process of programmed axon degen-
eration that exist in all species [164]. Wallerian axon degeneration originally referred
to the process induced by physical cutting of the axon, yet recent evidence show that
the molecular pathway is triggered in CIPN development, leading to activation of
Sterile Alpha And TIR Motif Containing 1 (Sarm-1) [165–167]. Sarm-1 specific
CIPN research is still in its infancy. Genetic knockout of Sarm-1 prevents CIPN
axon degeneration, by blocking biodegradation of nicotinamide adenine dinucleo-
tide (NAD+) leading to sustained axon integrity despite injury [165, 168]; however,
much is still unknown and there is still no drug that specifically inhibits Sarm-1.

Table 4.3 Emerging strategies for CIPN associated mitochondrial dysfunction

Drug class Specific drug(s) Primary target References

Biguanides Metformin mTOR, AMPK [14, 153,
154]

MnSOD mimec Calmangafodipir ROS generation [155, 156]

Small-molecule inhibitors of
p53

Pifithrin-μ Mitochondrial
p53

[136, 157]

HDAC6-inhibitors Ricolinostat,
ACY-1215

α-Tubulin [158, 159]

Sigma-1-receptor antagonists MR309 Sigma-1-receptor [160, 161]

Beta/alpha-blockers Carvedilol MnSOD [15]

mPTP stabilizer Olesoxime VDAC, TSPO [162, 163]

mPTP, mitochondrial permeability transition pore; VDAC, voltage-dependent anion channel; ROS,
reactive oxygen species; MnSOD, manganese superoxide dismutase; HDAC6, histone deacetylase
6; mTOR, mammalian target of rapamycin; AMPK, 50 adenosine monophosphate-activated protein
kinase; TSPO, translocator protein
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Targeting associated pathways upstream from Sarm-1, with known small-molecules,
is an alternative option for CIPN prevention, but may only work for specific types of
neurotoxic chemotherapy. For example, activating the expression of heat shock
protein (HSP) 27 restores caspase 3 and RhoA levels in neuronal cells bodies, a
process involved in development of bortezomib-induced axon degeneration
[169, 170]. Furthermore, vincristine induced axonal degeneration can be prevented
by inhibiting MAPK or HSP90 dependent dual leucine zipper kinase (DLK) activa-
tion [169, 171, 172] or lastly by generation of surplus NAD+ through inhibition of
nicotinamide phosphoribosyltransferase (NAMPT) [167]. It seems that many
pathways can lead to axon degeneration [69] and, as with CIPN pathophysiology,
there are examples of complex relationships with other pathways and organelles. For
instance, research show that mitochondrial dysfunction may precede Sarm-1 activa-
tion [142, 173]. This is also what makes Sarm-1 a very promising candidate since
Sarm-1 seems to present an obligatory passage to axon degeneration. [169]. Since
the molecular structure of Sarm-1 has recently been described in detail [174] we may
see a Sarm-1 inhibitor in the near future. Sarm-1 inhibition does, however, also raise
some concerns, as inhibition of it may lead to long-term cognitive side effects
stemming from Sarm-1 effects on axon modulation and homeostasis [175]
(Table 4.4).

While we wait for research on programmed axon degeneration to become clini-
cally applicable, we may be able to protect axons by physically lowering the
temperature of patient extremities. Cryotherapy has been used for chemotherapy-
induced alopecia and onycholysis [189]. The first evidence of using cryotherapy for
CIPN emerged from a retrospective study showing lower occurrence of docetaxel-
induced neuropathy among patient using cryotherapy for onycholysis
[190]. Subsequent studies reported mixed results [21, 178]. The success or failure
of cryotherapy may potentially teach us something important about the relationship

Table 4.4 Emerging strategies for CIPN associated axonal degeneration

Drug class Specific drug(s) Primary target References

Sarm-1 inhibitors None exists yet SARM-1 [165, 166]

DLK-inhibitors GNE-3511 DLK [171, 176, 177]

Cryotherapy n/a Vasoconstriction [178–180]

NAMPT inhibitor FK866 NAMPT [167]

HSP protein
modulation

Ethoxyquin HSP 27 and 90 [170, 172, 181–
183]

MMP-13 inhibitor DB04760,
CL-82198

MMP-13 [184]

GM1a GM1 Trks, NGF, Na+/K+-
ATPase

[185–188]

DLK, dual leucine zipper kinase; Sarm-1, sterile alpha and TIR motif containing 1; GM1,
ganglioside-monosialic acid 1; MMP-, matrix metalloproteinases; NAMPT, nicotinamide
phosphoribosyltransferase; HSP, heat shock protein; Trk, tyrosine receptor kinase; NGF, nerve
growth factor
aGM1 has three positive clinical studies [185–187], but results from [188] (n ¼ 196) show no
benefit
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between peripheral and central damage in the development of CIPN. Given that
CIPN has been described as a “dying-back”-axonopathy, logic might dictate that
protecting the distal sites of initial damage will translate into alleviation of CIPN.
But will this also result in durable prevention, since cryotherapy will hardly effect
central nerve structures involved in CIPN? Non-mammalian models of paclitaxel-
induced neuropathy have shown that several epidermal changes occur, such as
keratinocyte-derived formation of hydrogen peroxide and upregulation of matrix
metalloproteinase 13 (MMP-13) [191, 192]. This leads to axon degeneration which
can be prevented by inhibiting MMP-13 in a mammalian model of paclitaxel and
glucose-induced neuropathy [184]. We could only find one non-human animal study
that used cryotherapy to investigate the pathophysiology of CIPN outcomes.
Cooling of the lower back of mice receiving paclitaxel showed a markedly reduction
of CIPN surrogate outcomes and significantly reduced invasion of inflammatory
cells into the DRG [193]. One might be concerned that cryotherapy only protects
against the acute transient symptoms of neurotoxic chemotherapy, but should the
effect extend to long term prevention, it would teach us something essential about
our understanding of CIPN and axon homeostasis in general.

4.5 Towards a Future of Better CIPN Models

We have discussed three core explanatory models of CIPN development. Our
discussion that neuroinflammation, mitochondrial dysfunction, and axon degenera-
tion lie at the heart of CIPN development is hardly new. Previous review articles
showcase these and other related CIPN pathophysiological mechanisms in indepen-
dent paragraphs with far more detail. We wanted to show that this textual separation
is somewhat artificial, as CIPN mechanisms interact across different scales (tissue,
cells, and proteins) and systems (immunological, gastrointestinal, and neurological),
a point, which has not received much attention in previous reviews.
Neuroinflammation is maintained through interaction between different cell types;
mitochondrial dysfunction arises from injury to mitostasis which is just one of the
ways in which neurotoxic chemotherapy can activate programmed axon
degeneration.

Basic science shows that the intersection and interaction between these scales and
systems are important in the pathophysiology of disease [198]. For complex neuro-
logical diseases such as CIPN, we may learn something new if we consider
remodeling it, as change within a system of mechanisms unfolding simultaneously
in tissue, cells, and proteins. In order to do this, we need new models of CIPN that
adequately captures CIPN as a non-linear change to a system and is not the result of
just one linear mechanism. To rectify this, we must begin to use models based on
human biology; new in vitro models may provide a different modeling fit for future
CIPN drug development [199]. Using bioengineering of multi-cellular 3D organoids
it has been possible to create a fully functional human peripheral nerve in vitro
[200]. This technology can also be used to create a human model of neuron and
non-neuron cells that is able to represent neuroimmune or neuroendocrine
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interactions [201]. These in vitro structures can be inhabited by induced pluripotent
stem cells derived (iPSC) human neuronal and endothelial cell types [202] and will
be more representative than previous animal models when extrapolating from the
laboratory to the clinic [199]. We can even use cells derived from patients, opening
the possibility of evaluating patient specific genetics in vitro and comparing these to
their real world outcomes [203]. Combined with new methods of evaluating injuri-
ous change such as “multi-omics” (metabolomics, (epi)-genomics, transcriptomics,
and proteinomics), we will gather new types of data and more data on CIPN
development than ever before [13]. In this regard, we already have a lot of CIPN
data; more than 300 animal studies spanning almost 15,000 animals, more than
50 RCTs, multiple genetic and epidemiological studies. We, in this chapter, are
arguing whether we are using these data as efficiently as can be done.

So far, we have relied heavily on human cognition and parametric statistics to
analyze CIPN data. Yet in recent years, we have begun to see artificial intelligence
applied in the field of drug discovery [204, 205]. Machine learning has already been
used to predict the neurotoxicity of new anti-cancer drugs as well as suggest new
potential preventive drugs for CIPN based on a combined dataset regarding neuro-
toxic drugs, their molecular descriptors and the neuropathy incidence they cause in
patients [206]. Recent reviews stress that a multi-disciplinary approach may be key
to success in CIPN [9, 207, 208]. Involvement of data scientists may be quite
helpful. An artificial intelligence model such as supervised deep learning could
incorporate the data we already have with the future so-called multi-omics datasets,
which are emerging from new in vitro models. With the combination of multiple
types of data, we may be able to predict the effects (and side-effects) of emerging
drugs in patients with more accuracy [209].

4.6 The Potential of Tyrosine Kinase Inhibitors

There is one other promising strategy that deserve attention, but does not accurately
fit into the categories of neuroinflammation, mitochondrial dysfunction or axon
degeneration. Studies have shown that inhibiting uptake of paclitaxel and oxaliplatin
in neuronal cells, by inhibiting specific organic anion transporting polypeptides
(OATPs) and organic cation transporters (OCTs), can prevent development of
CIPN in rats and mice [194, 195]. Using known and already approved tyrosine
kinase inhibitors to block influx channels is an elegant solution if it does not interfere
with anti-tumor efficacy of chemotherapy. Dasatinib specifically blocks the channel
OCT2, preventing influx into neuronal cells in a model of oxaliplatin-induced
peripheral neuropathy [196]. Transcriptional profiling, animal modeling and cell
cultures of tumor cells incubated with dasatinib have demonstrated that chemother-
apy uptake into tumor cells is not effected by inhibition of OCT2 [196]. Clinical
trials have been initiated for dasatinib and nilotinib (for paclitaxel-induced and
oxaliplatin-induced peripheral neuropathy), and it will be important to remember
that transport channels such as OCT2 has broad selective drug transport capabilities,
raising the possibility of drug-drug interactions with commonly used drugs such as
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metformin [197]. Given that 35% of newly diagnosed cancer patients present with
polypharmacy [43], blocking drug transport channels may potentially present a
myriad of complications in many patients.

4.7 Conclusion

In 1962 Thomas Kuhn described the process of scientific progression in his highly
influential work The Structure of Scientific Revolutions. Scientific progression, Kuhn
says, happens in leaps when we are faced with an anomaly that is not explained by
the current model of research [210]. Kuhnian philosophy opens the possibility of
admitting that we are wrong about the most basic assumptions of CIPN. Over the
years, we have collected vast amounts of knowledge about the mechanisms of CIPN,
yet every review article states that we do not know enough about the pathophysiol-
ogy of CIPN. Something is amiss. The striking failure of CIPN drug development
over the span of 40 years demands some reflection on underlying methodological
reasons. We have questioned the knowledge that animal models produce in the
context of complex neurodegenerative diseases such as CIPN. The limitations of
animal models and the species-specificity of the human nervous system may render
this knowledge misleading. In general, drug development has been in a state of crises
as the rate of new drugs has declined and value-for-money has become low. Animal
models may still be useful in dose-finding and in estimating toxicity, but biology is
having less success with reducing complex biological diseases—within neurology
and immunology—to singular mechanisms [11, 211]. In brief, when biological
mechanisms are connected in a system, new biological phenomena can emerge
that are not predicted by examining its parts [212]. We believe this is also the case
for CIPN and so we may need to shift our focus to understanding the relationship
between systems and scales involved in CIPN within the framework of systems
biology [11]. This reconceptualization enables a new perspective on diseases such as
CIPN. Here disease manifests as a disturbance in a network and not an alteration of a
molecular structure; therefore, intervention is no longer about targeting something
specific, but restoration of the network homeostasis [11]. For instance, Romoe-
Guitar et al. recently used machine learning algorithms based on preclinical nerve
avulsion proteomic data. The resulting model suggested a multimodal drug-based
therapy that boosted neuro-regenerative mechanisms, not necessarily associated with
the disease condition [204, 213]. In subsequent studies they showed that their
therapy (NeuroHeal) was effective in motor and sensory neuropathy derived from
nerve root avulsion [214].

These early studies show how epistemological reframing of a specific disease can
reveal novel therapy options that are not predicted by examining disease specific
mechanisms. This may help us answer a recent call within the field of CIPN and find
a way to target multiple mechanisms of CIPN simultaneously [23]. Advances in data
generation and modeling can potentially improve the success rate of drugs selected
for clinical trials, optimizing CIPN preventive efforts for the benefit of patients and
society.
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Abstract

Chemotherapy-induced peripheral neurotoxicity (CIPN) is a treatment related
toxicity that burdens the quality of life of cancer survivors. Unfortunately, no
efficacious treatment (symptomatic or preventive) is available for this condition
for many reasons. First, a still incomplete pathogenetic knowledge hampers the
recognition of a strong biological rationale for clinical trials. Second, there are
some methodological issues in clinical trial design that still need to be addressed.
In this chapter we will present an overview of strategies that were undertaken in
the past and some that are now undergoing clinical investigation for prevention of
CIPN. This is a complex challenge that will require multidisciplinary collabora-
tive research between basic scientists, health care professionals, and patient
representatives.
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5.1 Introduction

Chemotherapy-induced peripheral neurotoxicity (CIPN) is one of the most common
non-haematological toxicities of several cornerstone anticancer drugs—platinum
compounds (cisplatin, carboplatin, oxaliplatin), taxanes (paclitaxel, docetaxel),
vinca alkaloids (vinorelbine, vincristine, vinblastine), proteasome inhibitors
(bortezomib), epothilones (ixabepilone), eribulin, thalidomide. This toxicity can
lead to dose reductions and discontinuations which may impact cancer related
outcomes and quality of life in cancer survivors. The prevention and treatment of
CIPN is still a major challenge for physicians who treat patients with cancer with
neurotoxic agents as there are still several issues to be addressed to adequately
manage this toxicity [1]. Whilst, in a some cases (mainly oxaliplatin-related),
CIPN can be acute and occur early during treatment, it is the tendency for this
toxicity to be insidious, occur late, and be permanent and irreversible and this leads
to its negative impact on patient quality of life (QOL). If not adequately prevented,
CIPN can be the cause of significant symptom burden and reduced health-related
QOL in cancer survivors and lead to increased healthcare costs [2, 3].

There are currently numerous pitfalls in research aiming at discovering new
treatment and prevention strategies for CIPN. Among these, the most relevant
ones are the absence of a fully pathogenetic knowledge of CIPN—which goes
beyond the scope of this chapter (for more information, see Chap. 4)—as well as
the need to develop a gold standard outcome measure to accurately evaluate CIPN,
allowing a precise definition of its incidence, risk factors, and clinical picture.
Notably, an accurate risk stratification for the development of severe CIPN would
be a crucial aspect in the testing of potential neuroprotectant agents [4]. So far, no
blood/serum biomarkers have been identified as gold standard to stratify patients at
higher risk of CIPN development [5]. Therefore, efforts from the scientific commu-
nity are required to push the search of potential biomarkers for risk stratification.

In this chapter, we will present at first some methodological considerations which
should be considered in CIPN clinical trials and then we will present past and future
perspectives.

5.2 Methodological Considerations

In this section we provide an overview of some methodological considerations that
should be carefully weighted when evaluating/designing a CIPN clinical trial.

5.2.1 Issues in CIPN Clinical Trials

It has been reported that patients experience dose-limiting and - often persistent -
CIPN during, but also after administration of the aforementioned drugs. Incidences
have been reported up to 80% of exposed patients, with prevalence estimates of
68.1% (57.7–78.4%) in the 1st month after treatment completion, 60.0%

126 P. Alberti and C. B. Steer



(36.4–81.6%) after 3 months, and 30.0% (6.4–53.5%) after at least 6 months
[6]. However, an accurate estimation of the true prevalence of CIPN in patients
with cancer is lacking. This is due to a number of factors including: the fact that
epidemiological data may greatly vary from study to study, due to the use of different
methodological approaches (e.g. the outcome measures used and timing of
assessments), and different study design (e.g. prospective vs retrospective study)
[7]. The estimation of the incidence of CIPN is made more challenging by the fact
that each neurotoxic drug exhibits a slightly different neurotoxicity pattern. Many
different outcome measures, among which different scales, have been proposed.
They can be divided into toxicity scales (e.g. NCI-CTC scale), physician-based
(e.g. TNS scale), and Patient Reported Outcome (PRO) measures. For more details
on these instruments, see Chap. 3. The relevance of clinimetric issues in CIPN
assessment and clinical trial design can be understood considering international
initiatives aiming at dissecting this methodological issue. In 2017 the National
Cancer Institute Symptom Management and Health-Related Quality of Life Steering
Committee Clinical Trials Planning Meeting (CTPM) was created to shed light on
possible solutions. This group noted the lack of a validated gold standard to measure
the impact of CIPN and developed a mechanism for the formulation of consensus
expert opinion. This involved the creation of specific working groups to unravel the
issue [8]. In parallel, another international initiative—the Analgesic, Anaesthetic,
and Addiction Clinical Trial Translations, Innovations, Opportunities and Networks
(ACTTION)–Consortium on Clinical Endpoints and Procedures for Peripheral Neu-
ropathy Trials (CONCEPPT)—met to develop guidelines to drive future trial design
and despite the absence of a gold standard in CIPN assessment made suggestions on
eligibility criteria, outcome measures, endpoints, and sample size estimation. They
suggested that a robust clinical trial must include both physician-based tools and
PROs [9].

5.2.2 Surrogate Biomarkers: Some Promising
Neurophysiological Options for CIPN Risk Stratification

The assessment of CIPN involves both PROs and objective assessments such as
nerve conduction studies (NCS). NCS are central in the diagnosis—for clinical
purposes—of peripheral neuropathies (Fuglsang—[10]). There is a suggestion that
testing for neurotoxicity prior to the use of neurotoxic therapies may predict of the
development of CIPN. In particular, abnormal sensory NCS have been reported in
patients with CIPN prior to symptoms onset, suggesting NCS might be an important
early surrogate biomarker for axonal damage [11]. Given that CIPN is a length-
dependent process, that is expected to ensue first at limbs extremities, dorsal sural
nerve (DSN), a more distal branch of the sural nerve [12] that is included in
polyneuropathy assessment protocol in any EMG lab, was tested longitudinally in
a cohort of 200 patient with colorectal cancer (CRC) treated with oxaliplatin
[13]. DSN neurophysiological alterations (drop in amplitude in particular), in fact,
were yet proved more sensitive than sural nerve in detecting early dysfunction due to
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chemotherapy [14] and polyneuropathies due to other causes (e.g. diabetes, vitamin
B12 deficiency) [15–17]. In this trial [13], NCS of the DSN were performed at
mid-treatment and after oxaliplatin chemotherapy completion (FOLFOX-4 or
XELOX regimens). The authors were able to develop an algorithm and
demonstrated that the mid-treatment DSN NCS could assign each patient to a ‘risk
class’ predictive of neurological outcome at end of treatment with high correlation
value [13]. Therefore, it was the first and promising tentative to stratify patients (high
vs low risk for CIPN development) that could be taken into account in future clinical
trials, to be combined with physician and patient based tools, even if of course—it
should be further tested in a larger population and in patients treated with other
regimens than oxaliplatin-based.

5.3 Prior Completed Studies

Unfortunately, as stated above, there is no efficacious pharmacological approach for
the prevention of CIPN. The American Society of Clinical Oncology (ASCO)
produced guidelines who extensively addressed, with a systematic review, the
prevention and management of CIPN; both in 2014 [18] and in the updated version
published in 2020 [19]. Authors did not find any strong evidence for all the
molecules tested over the years in CIPN patients, apart from the use of duloxetine
as symptomatic treatment (moderate recommendation) in patients with painful
peripheral neuropathy. In the next couple of sections, we provide a brief overview
of the molecules that were tested but were not proved to be efficacious.

5.3.1 Neuroprotectant Agents

To prevent CIPN, the most sensible option is to target the underlying mechanism.
The problem is that neurotoxic mechanisms differ among different drug classes and
the exact cascade for neuronal damage is not fully elucidated [20–22]. For a detailed
description of mechanisms involved in CIPN development, see Chap. 2. Despite
decades of translational research and drug repurposing studies involving a wide
variety of molecules, no agent has been shown to successfully prevent CIPN. The list
of potential candidates, many tested in rigorous randomized control trials, includes:
recombinant human leukaemia inhibitory factor (rhuLIF, Emfilermin, AM424),
amifostine (WR-2721), pregabalin, acetyl-l-carnitine, glutathione, minocycline,
omega-3 fatty acids, retinoic acid, lafutidine, vitamin E and vitamin B complexes.
As a consequence, the aforementioned ASCO guidelines, unfortunately, concluded
that no neuroprotective agent can be addressed with confidence as a neuroprotective
strategy against CIPN in the general setting [18, 19]. The only options still available
in daily practice therefore remain treatment modification (e.g. dose reduction,
prolongation of infusion time or dose fractionation) and treatment withdrawal [19].
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5.4 Potential Options for Future Clinical Trials

Given the significant symptom burden in patients with CIPN, there is an urgent need
for effective prevention strategies. Research in the underlying mechanisms continues
to drive drug discovery. We provide a brief overview of ongoing trials whose results
might be of potential interest in the next few years for patients at risk of
developing CIPN.

First, we will present data of yet completed studies targeting ganglioside
monosialic pathway, oxidative stress, and sigma-1 receptors. Then, we will address
some options that are currently being tested targeting neuronal uptake transporters,
glutamatergic neurotransmission, serotoninergic receptors, and sphingolipids.

5.4.1 Ganglioside Monosialic Acid Pathway

Targeting the ganglioside monosialic acid pathway with delivery of ganglioside
monosialic acid (GM-1) may have neurotrophic and neuroprotective effects
[23]. Therefore, GM1 was tested in a randomized, double-blind, placebo-controlled
trial: 206 breast cancer patients scheduled to receive taxane-based adjuvant chemo-
therapy were randomized to intravenous infusion of GM1 (80 mg, Day�1 to Day 2)
or placebo. GM1-treated patients had a lower incidence of chemotherapy dose
reductions/delays and taxane-induced neuropathic pain was significantly reduced
[24]. GM1 was then also tested in another randomized, double-blind, multicenter,
placebo-controlled, phase III trial, in a population of 196 patients with stage II/III
colorectal cancer: unfortunately, GM1 did not prevent chronic CIPN manifestations
due to oxaliplatin, even though acute oxaliplatin neurotoxicity syndrome was par-
tially contained [25]. Therefore, other independent conducted RCTs are warranted to
give a final judgement, even though, as stated above, different anticancer drugs have
different neurotoxic mechanisms and neuroprotective agents might be efficacious
with some drug classes and not with others.

5.4.2 Oxidative Stress

Oxidative stress has been described as a factor in the development and progression of
CIPN [26] and molecules involved in oxidative stress modulation are now being
tested in clinical trials.

Calmangafodipir is intended to target oxidative stress and neuronal mitochondrial
injury and was tested in a placebo-controlled, double-blinded randomized phase II
study in patients with metastatic colorectal cancer: in the PLIANT trial, 173 patients
were randomized to calmangafodipir 2 mmol/kg (n ¼ 57), calmangafodipir 5 mmol/
kg (n¼ 45; initially 10 mmol/kg, n ¼ 11), or placebo (n¼ 60). The 5 mmol/kg dose
was reported to be associated with reduction of both acute and chronic neurotoxicity
symptoms due to oxaliplatin [27]. However, as highlighted by Karlsson and Jynge
[28] the study raised several methodological pitfalls making impossible to draw any
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strong conclusion from this trial (in particular: frequency of adverse events; change
of primary endpoint once the study was yet started; and discrepancies of endpoints in
different reports leading to questionable data handling and interpretation).
Calmangafodipir is currently being tested in the management of oxaliplatin neuro-
toxicity in 2 phase III double-blind placebo-controlled trials, POLAR-M and
POLAR-A: POLAR-M is evaluating the use of 5μmol/kg calmangafodipir, 2μmol/
kg calmangafodipir, or placebo (NCT03654729) in patients with metastatic colorec-
tal cancer. In a similar trial, POLAR-A is evaluating the use of 5μmol/kg
calmangafodipir in patients with stage III or high-risk stage II colorectal cancer
being treated with oxaliplatin-based regimens in the adjuvant setting
(NCT04034355) [29]. Data collection was completed on 14th October 2020 and
results, as reported in a recent press release (MFN.se > PledPharma > Results from
the prematurely closed PledOx POLAR program), were disappointing.

5.4.3 Sigma-1 Receptor Antagonist

The sigma-1 receptor is a transmembrane protein found in the endoplasmic reticu-
lum, specifically at the mitochondria associated endoplasmic reticulum membrane,
and has a modulatory role in nociception, attenuating intracellular signal transduc-
tion cascades related to noxious stimuli and sensitization phenomena [30]. A Phase
IIa, double-blind, RCT of the sigma-1 receptor antagonist MR309 (previously
developed as E-52862) enrolled 124 colorectal cancer patients to active treatment
(400 mg/day, 5 days per cycle) or placebo (n ¼ 62). Intermittent treatment with
MR309 reduced the incidence and severity of acute oxaliplatin-induced neurotoxic-
ity and allowed higher oxaliplatin exposure [31].

5.4.4 Emerging Options: Ongoing Translational Research

In this section we present some ongoing clinical trials based on sound biological
rationales that might offer solutions to the significant unmet clinical and scientific
needs.

5.4.4.1 Neuronal Uptake Transporters
Organic-anion-transporting polypeptides (OATP) and organic cation transporters
(OCT) were suggested in preclinical studies as a possible neurotoxicity prevention
strategy as they transport anticancer drug inside dorsal root ganglia (DRG) neurons
triggering neurotoxicity development [32, 33].

Among the option to modulate this pathway, there is dasatinib, an orally active
targeted therapy used to treat haematological malignancies, part of SRC-family
protein tyrosine kinase inhibitor; in fact, Sprowl and collaborators [34] demonstrated
that it can inhibit organic cation transporter 2 (OCT2) inhibitor. OCT2 receptors are
of particular interest in CIPN research since they are widely expressed in dorsal root
ganglia and the peripheral nervous system [35, 36]. A phase Ib open-label clinical
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trial is evaluating the role of dasatinib in the prevention of oxaliplatin-related
neurotoxicity in patients with metastatic colorectal cancer (NCT04164069).

Another drug currently under consideration is nilotinib, a Bcr-Abl tyrosine kinase
inhibitor used to treat haematological malignancies. Nilotinib can inhibit an organic-
anion-transporting polypeptide B (OATP1B) uptake transporter inhibitor [37],
which is expressed in peripheral nervous system [38]. Thus, drug is undergoing a
phase Ib/II randomized parallel double-blind study; the aim is evaluating safety and
addressing its use against paclitaxel neurotoxicity in breast cancer patients
(NCT04205903).

5.4.4.2 Glutamatergic Neurotransmission
The neurotransmitter glutamate is known leading to toxicity when present in an
excessive amount (the so-called excitotoxicity) in a wide range of neurological
conditions [39]. Preclinical data showed glutamate signalling was altered as a
consequence of cisplatin, paclitaxel, and bortezomib administration and inhibition
of glutamate decarboxypeptidase enzyme (resulting in decreased production of
glutamate) may ameliorate neurotoxicity [29]. Notably, rodents exposed to a
polyamine-deficient diet did not show neuropathic pain behaviour after oxaliplatin
exposure, thanks to the fact that polyamines positively modulate the NR2B subunit
of N-methyl-D-aspartate receptors (NMDAR) on which glutamate acts [40].

On the basis of this evidence, some molecules are being tested to modulate
glutamate excitotoxicity.

A drug able to modulate glutamate transmission is riluzole, which is currently
used in patients with amyotrophic lateral sclerosis [41], is under investigation in
CIPN. The mechanism of the effect in ALS is not yet known but the blockade of
glutamate transmission has been hypothesized as a pivotal event [42]. In the setting
of CIPN, riluzole is being tested in the clinical trial RILUZOX-01 which is a phase II
randomized double-blind trial (vs placebo) aimed at preventing oxaliplatin neuro-
toxicity (NCT03722680).

5.4.4.3 Serotoninergic Receptors
Serotonin or 5-hydroxytryptamin (5-HT) is a neurotransmitter involved in pain
modulation and its effects are modulated by various receptors, among which the
most numerous are part of the GPCR family. The 5-HT2C receptor (5-HT2CR)
subtype has been involved in the modulation of neuropathic pain in various animal
models [43]; moreover, preclinical data showed that oxaliplatin administration
increases 5-HT2CRmRNA expression in spinal cord and in midbrain [44]. Among
compounds modulating this axis, there is a lorcaserin, a 5-HT2CR activator, which is
prescribed for weight loss. Lorcaserin was under evaluation in a phase I trial
assessing its effects on acute neurotoxicity manifestations of oxaliplatin and taxanes
(NCT04205071), and in a phase II study comparing lorcaserin and duloxetine in the
treatment of oxaliplatin chronic CIPN (NCT03812523). However, lorcaserin trials
were recently halted due to increased risk cancer as emerged by FDA revision;
therefore, FDA requested that the manufacturer to voluntarily withdraw the drug
from the market [45].
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Duloxetine is also being tested as neuroprotectant in a phase II/III trial to prevent
CIPN in patients undergoing treatment with oxaliplatin for colorectal cancer
(NCT04137107).

5.4.4.4 Sphingolipids
Sphingolipids are a family of membrane lipids which control cellular processes (cell
division and differentiation, and cell death). Their metabolism alterations has been
related to neurodegenerative diseases [46], as well as to neuropathic pain develop-
ment [47]. In clinical practice, fingolimod, a sphingosine-1-phosphate (S1P) receptor
1 (S1PR1) antagonist, is one of the treatment options for multiple sclerosis [48]. This
drug is a sphingosine analogue which is phosphorylated via cellular sphingosine
kinase. S1P receptors are widely expressed in the central and peripheral nervous
system and involved in process of regeneration [49, 50]. The drug is currently being
tested in an early phase I trial to test its efficacy in CIPN patients. The drug is being
tested to obtain preliminary data to support whether it prevents CIPN in patients
receiving weekly adjuvant/neoadjuvant paclitaxel treatment (NCT03941743).

5.4.5 Non-pharmacological Treatments

Non-pharmacological treatments have been investigated in recent years in CIPN
patients. Physical therapy can be useful, in particular, for accelerating recovery after
CIPN onset or to ameliorate physical performance once stable CIPN had ensued.
This is crucial in particular when patients develop sensory ataxia, a condition quite
frequent especially after the administration of platinum compounds [51]. This con-
dition is due to impairment of spinal cord dorsal columns sensory modalities:
proprioception. The patient, even if s/he has no motor impairment, has difficulty in
manipulation, and develops gait unsteadiness/unbalance [4, 52]. At the state of the
art, phase III clinical trials are still lacking to draw a definite conclusion of the
efficacy of physical treatments. For a detailed description of these, see Chaps. 8 and
9.

5.5 Conclusion

Even if at the present there is no efficacious approach for CIPN prevention, many
research groups are actively working on finding a solution for this detrimental
toxicity of anticancer drugs. The lesson learnt from past studies is that a multidisci-
plinary effort is warranted. A sound biological rationale is needed to be addressed at
bench-side to provide a strong background for future translational clinical research.
At bedside, a careful study design is needed to increase the chance to accurately test
efficacy of the tested molecule. The best environment where such initiatives can
grow can be provided by working groups such as the CIPN working group of the
Multinational Association of Supportive Care in Cancer (MASCC) or the Toxic
Neuropathy Consortium (part of the Peripheral Nerve Society), in which basic
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scientists, health care professionals, and patients’ representative can cooperate in
novel CIPN research projects.
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Abstract

Advancement of effective therapies to treat established CIPN will require a
deeper understanding of CIPN pathomechanisms. Simplified models of CIPN
have been developed using whole-animal systems, primary cultures, and
immortalized cell lines to allow for detailed mechanistic studies. Recently,
human stem-cell derived neuronal cultures have also allowed new opportunities
to study CIPN. In this chapter, we provide an overview of studies that used model
systems to investigate the treatment of established CIPN. We have divided the
chapter into two main areas. First, there are studies that investigate CIPN-related
nerve damage through the lens of neurogenesis, Schwann cells, and axonal
regrowth. Next, we review model approaches to treat CIPN-related pain that
have focused on voltage-gated ion channels, neuroinflammation, sphingosine
metabolism, and endocannabinoids. The broad approaches that are being
employed to study the treatment of established CIPN in model systems provide
hope for future beneficial therapeutics.
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6.1 Introduction

Despite a growing understanding of the pathophysiology of CIPN few therapies
have shown success in humans. Only the antidepressant medication duloxetine has
shown moderate efficacy to treat established pain due to CIPN [1]. Animal models
appear to be important for identifying appropriate therapies for treating established
CIPN. Experimental models of CIPN can be induced in different strains of rats or
mice through intraperitoneal (ip), subcutaneous (sc), or intravenous
(iv) administration of the desired drug [2]. “In vitro” studies are also important to
further study the effects of the different drugs at the cellular level and for the search
of potential therapy targets against CIPN. These studies can be performed with
cultures of dorsal root ganglion (DRG)-neurons obtained from rats or mice [3] or
with immortalized and commercially available murine sensory neurons cell lines
[4, 5]. Nonetheless “in vitro” studies have limitations due to the biologic differences
between humans versus mice or rats. To overcome this problem, sensory neurons
can be induced from human skin fibroblasts or multipotential CD34+ hematopoietic
stem cells obtained from peripheral blood [6, 7].

6.2 Models of CIPN

6.2.1 In Vivo Animal Models of CIPN

About 70% of in vivo animal studies are conducted with rats and 30% with mice, the
drugs commonly used to induce CIPN are oxaliplatin, paclitaxel, vincristine, cis-
platin, and bortezomib [8]. The doses and schedules of the different chemotherapy
agents for the induction of CIPN in rodents are listed in Table 6.1.

After the administration of the drug in the required dosage, behavioral tests are
performed to assess the establishment of neuropathy. These tests are directed to test
motor coordination, mechanical allodynia, and thermal sensitivity. Neuromuscular
coordination is assessed with the rotarod test, which consists of a circular rod turning
at different speeds. The amount of time in which an animal stays on the rotating rod
is related to its motor coordination. Mechanical allodynia is measured with the
electronic von Frey hair test, placing the mouse or rat in an inverted plastic cage
with a wire-mesh floor. Semiflexible filaments are then applied to the center of the
hind paws, gradually increasing the pressure for 5 s, in order to establish a pain
threshold [18]. Cold hyperalgesia and alterations in thermal sensibility are tested
with the acetone test and the hot plate test, respectively. The acetone test consists of
touching the plantar skin of a hind paw with a 100 μl droplet of acetone from a
syringe, while the hot plate test is performed by placing animals on an aluminum
plate which is uniformly heated. For the hot plate a cut-off time of 30 s is used, to
prevent damage [19].
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6.2.2 In Vitro Models of CIPN

The difficulties in obtaining human neurons for study make cell culture models an
important tool for CIPN pathophysiological and pharmacological research. The
commercially available rat PC12 pheochromocytoma cell line differentiates to
neurons in the presence of forskolin, stimulating neurite outgrowth [20]. Forskolin
is a diterpenoid obtained from the plant Coleus forskohlii that penetrates cell
membranes and increases the levels of adenylyl cyclase (cAMP), which is involved
in many transduction pathways [21]. The 50B11 neuronal cell line is another
commercially available cell line derived from rat DRG [4].

Primary cell cultures can be performed with DRG neurons obtained from embry-
onic or early-postnatal rats after surgical removal, cultivation with collagenase I,
centrifugation and seeding in neurobasal medium [3]. Schwann cells derived from
the sciatic nerves of neonatal rats are also used for primary culture [22].

The biologic differences between mice or rats and humans limit the extrapolation
of results. To overcome this problem, sensory neurons can be induced from human
embryonic fibroblasts, through the transfection with lentiviral vectors of the tran-
scription factor Brn3a with either Ngn1 or Ngn2 [23]. The pluripotent hematopoietic
CD34+ stem cells are also a source for the induction of sensory neurons, which can
be available from blood banks or from peripheral blood sampling. The isolated
CD34+ stem cells are cultured in the required media and transfected with the
lentivirus OCT4 delivery system to produce induced neural progenitor cells
(iNPCs). The iNPCs are then cultured in a sensory neuron specification medium,
supplemented with brain derived neurotrophic factor, glial derived neurotrophic
factor, nerve growth factor, neurotrophin-3 and forskolin, until the desired matura-
tion stage [7]. Likewise, sensory neurons can be differentiated from human induced
pluripotent stem cells [6], which has been also utilized as a model for CIPN [24–27].

Table 6.1 Doses and schedules for experimental models of CIPN in mice and rats

Drug Animal Dose Route Schedule References

Oxaliplatin Rat 4 mg/kg Ip Twice a week � 4 [9]

Rat 5 mg/kg Ip Days 0, 3, 6, and 9 [10]

Mouse 4 mg/kg Ip Days 0, 2, 4, and 6 [10]

Paclitaxel Rat 2 m/kg Ip Days 0, 2,4, and 6 [11]

Mouse 4 mg/kg Ip Days 0, 2, 4, and 6 [12]

Vincristine Rat 200 μg/kg Iv Single dose [13]

Mouse 200 μg/kg Ip Single dose

Cisplatin Rat 2 mg/kg Ip 4 consecutive days [14]

Mouse 2.3 mg/kg Ip 2 cycles of 5 consecutive
days with 5 days rest in
between.

[15]

Bortezomib Rat 0.1–0.2 mg/kg Ip Days 0, 3, 7, and 10 [16]

Mouse 400 μg/kg Ip 3 days /week � 4 weeks [17]
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These “in vitro” models enable the study of the cellular effects of the different
cytotoxic drugs and of the effects of potential products directed to protect the
neurons of the cytotoxic damage. For this purpose, the cells are cultured with
different concentrations of the chemotherapy agent to be studied; after an established
incubation period, biochemical and morphological testing can be performed to
assess its effects on the concrete functions or structures to which the experiment is
directed. These cell cultures enable the study of drugs or natural products with
potential properties in reversing the effects of the drugs causing CIPN or with the
capability of inducing neuronal regeneration.

6.3 Treatment of CIPN-Related Nerve Damage

At the moment the only clinically available treatments for CIPN are only symptom-
atic [1], so there is an urgent need for the development of treatments aimed to revert
or reduce the neuronal damage. The different cytotoxic drugs causing CIPN affect
different cells, organelles, or pathways within the sensory nerve system, resulting in
mitochondrial dysfunction, oxidative stress, inflammation, microtubule damage, and
alterations in ion channels, along with other effects [10], making the search to
uncover CIPN treatments a great challenge. Research can be aimed at a common
pathomechanism of damage shared with different drugs or directed to revert the
changes induced by a specific drug.

6.3.1 Categorized by Pathomechanism

As chemotherapy targets fast dividing cells and not all chemotherapy agents produce
CIPN, there may be additional effects of the cytotoxic drugs on the non-dividing
neurons [28]. Most chemotherapy agents do not cross the blood–brain barrier, but
they may accumulate in the DRG and nerve terminals, resulting in neuronal body,
axonal, or myelin sheath injury [29]. The research toward therapies is aimed at
reversing the pathogenic mechanism of the different drugs or in inducing the
regeneration of neurons, Schwann cells, or axons.

6.3.1.1 Neurogenesis
The sensory neurons and the supporting glial cells that form the DRG arise from a
sub-population of trunk neural crest cell progenitors and the Notch signaling path-
way is involved in its final differentiation. Some of these cells remain in the
undifferentiated stage [30] and express the neural stem cells markers nestin and
p75 neurotrophin receptor (p75NTR). The transcription factors involved in its
differentiation to neurons or glia could be potential targets in neurogenesis
[31]. As seen in the experimental model of peripheral nerve crush injury, the number
of DRG neurons increase up to 42%, compared to controls [32]. Alternatively,
survival pathways could be activated, as evidenced by the fact that DRG neurons
expressing ptv1 oncogene (plasmacytoma variant translocation 1), a long

140 M. Morales and N. P. Staff



non-coding RNA gene, are protected from apoptosis through the activation of the
PI3K/AKT pathway [33].

6.3.1.2 Schwann Cell Mechanisms
Schwann cells are essential for the regeneration of peripheral nerves after an injury.
In this process Schwann cells halt the production of myelin, digest myelin debris,
and facilitate a process of dedifferentiation. These dedifferentiated Schwann cells
guide the axon’s growth until its completion. After this, the Schwann cells differen-
tiate again and restart the production of myelin [34]. Dynein is a motor protein and
regulator of microtubule dynamics, axonal transport, and membrane trafficking.
Dynein is essential for the process of Schwann cell dedifferentiation and, conse-
quently, for axon regeneration [35]. Following nerve injury, several pathways are
activated in Schwann cells, such as p38, JNK, and ERK, which are involved in the
acquisition of the dedifferentiated phenotype of the Schwann cells to start axon
recovery [36], resulting in the upregulation of proteins C-Jun and p75NTR, whereas
the myelination associated protein EGR2 (early growth response protein 2) becomes
downregulated [37]. The involvement of signaling pathways involved in these
mechanisms is another focus of research.

6.3.1.3 Axonal Regrowth
The peripheral nervous system, in contrast with the central nervous system, has a
capacity to recover after traumatic or toxic injuries. This process involves a series of
changes that provides the neuron with the capacity to growth. Axon regeneration is
regulated through the activation of several transcription factors, epigenetic changes
of chromatin and microRNAs (miRNAs) [38]. Some of the transcribed mRNAs are
transported to distal parts of the axon where the translation into proteins occurs,
preventing both axon degeneration and neuron apoptosis. One of these retrograde
response genes is Bclw (Bcl2l2), which belongs to the Bcl2- family and induces axon
survival [39]. Following peripheral nerve injury, the activation of the JNK signaling
pathway increases the expression of transcription factors JUN and ATF3, in DRG
neurons starting axon regeneration. Other transcription factors induced by peripheral
axon injury are members of the SMAD family and STAT3 [38]. Activation of
STAT3 happens in DRG neurons after nerve injury by being phosphorylated by
cyclin-dependent kinase 5 (Cdk5) [40].

6.3.2 Categorized by Drug

The fact that anticancer chemotherapy targets rapid dividing cells but not all agents
produce CIPN supports that different drugs have their own mechanisms of causing
neuronal damage [28]. The different gene expression induced by different chemo-
therapy drugs in normal cells can help in the search for targets in the development of
therapies to treat CIPN [41]. As oxaliplatin, paclitaxel, vincristine, cisplatin, and
bortezomib are the drugs that commonly cause CIPN in clinical practice, many
studies are related to them [42].
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6.3.2.1 Oxaliplatin
Animal and “in vitro” studies have shown that the nuclear factor-erythroid-2-related
factor 2 (Nrf2) pathway protects from oxaliplatin-induced axonal damage, by
stimulating the synthesis of proteins with antioxidant activity. Dimethyl fumarate
is a drug used in the treatment of multiple sclerosis that exerts a neuroprotective
effect through Nrf2-mediated reduction in oxidative stress. Recent work
demonstrated functional and structural improvements with dimethyl fumarate treat-
ment in the rat model of oxaliplatin-induced neuropathy [43]. Another
neuroprotective agent, donepezil, an inhibitor of acetylcholinesterase and used for
the treatment of Alzheimer’s disease, reduced sciatic nerve degeneration and
improved mechanical allodynia in rats treated with oxaliplatin, without a reduction
in the antitumor efficacy [20]. Oxaliplatin and paclitaxel produce an inflammatory
response in DRGs and spinal cord astrocytes with an increased production of
inflammatory cytokines (CCL2, CCL3, TNF-α, IL-6, IL1β, and IL-8) and a reduc-
tion in the anti-inflammatory cytokines (IL-10 and IL-4). In a rat model of
oxaliplatin-induced neuropathy, the selective inhibition of IL-8 receptors improved
the results of the behavioral test and reduced the expression of the proteins JAK2 and
STAT3, which are associated with oxaliplatin damage [44].

6.3.2.2 Paclitaxel
Oxidative stress produced by the effect of paclitaxel on the mitochondria of DRG
neurons and peripheral nerves is one of the pathophysiological mechanisms of
CIPN. Melatonin has been shown to be a potent antioxidant that enters the
mitochondria. “In vitro” studies showed that melatonin reduces paclitaxel-induced
mitochondrial damage. Using the rat model of paclitaxel-induced neuropathy,
co-treatment with melatonin improved the results of the behavioral tests and reduced
the C-fiber activity-dependent slowing [45]. Paclitaxel-induced apoptosis of DRG
neurons is another mechanism involved in CIPN and the tumor suppressor gene p53
appears to play an essential role in pathways related with DNA-damage and apopto-
sis. In an “in vitro” study with DRG neurons obtained from neonatal rats treated with
paclitaxel and in a mice model of paclitaxel-induced CIPN, duloxetine reduced the
expression of p53 and improved thermal and mechanical allodynia. The effect of
duloxetine on p53 is through the reduction of oxidative stress [3]. As with
oxaliplatin, inflammation in DRGs plays an important role in paclitaxel-induced
neuropathy. Pretreatment with an IL-6 neutralizing antibody protects mice from such
neuropathy [18].

Membrane drug transporter proteins are also involved in CIPN. These proteins
such as ABCB1 and ABCC1 regulate uptake and efflux of drugs and are expressed
in the peripheral nervous system [46]. Organic anion-transporting polypeptides
(OATPs) are related with the accumulation of paclitaxel in DRG. OATP1B2 knock-
out mice have a decreased uptake of paclitaxel in DRG. The tyrosine kinase inhibitor
nilotinib is a potent inhibitor of OATP1B1 and OATP1B2, protecting mice of
paclitaxel induced neuropathy without impairing antitumor activity [47].
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6.3.2.3 Vincristine
Axonal degeneration is an active process that is triggered by several transcription
factors after a traumatic or toxic lesion. Sterile alpha and TIR motif-containing
protein 1 (SARM1) is one of its components. Sarm1-knockout mice are protected
from vincristine induced neuropathy, when compared with wild-type mice. SARM1
or its down-stream effectors could be potential therapeutic targets for reducing
neuropathy [48]. Vincristine also stimulates the immune system, resulting in
the consequent release of pro-inflammatory cytokines and neuroinflammation
[28]. The anti-diabetes drug metformin reduces the levels of TNF-α, IL-6 and
suppress the macrophage activation through the adenosine monophosphate activated
protein kinase (AMPK) pathway, preventing mechanical allodynia and numbness in
CIPN mice models [29].

6.3.2.4 Cisplatin
Cisplatin targets nuclear and mitochondrial DNA of DRG neurons, causing inter-
and intra-strand adducts, inducing DGR-neurons apoptosis and mitochondrial
disfunction, with the consequent generation of oxidative stress [49]. Peroxisome
proliferator-activated receptor-α (PPAR-α) is a ligand-activated transcription factor
of the nuclear hormone receptor superfamily expressed in several cells, including
microglia and astroglia. PPAR-α increases mitochondrial and peroxisomal
β-oxidation of fatty acids and thus has an important role in oxidation/antioxidant
pathway [50]. Stimulation of PPAR-α could increase the levels of endogenous
antioxidants reducing the oxidative stress. One stimulator of PPAR-α, undergoing
CIPN animal studies, is the endogenous fatty acid, palmitoylethanolamide [49]. “In
vitro” studies have shown that cisplatin mediated DRG neurons apoptosis can be
prevented with phenoxodiol, an isoflavone analogue, that upregulates the cell-cycle
regulator p21 Waf1/Cip1 stimulating neurite growth [5]. The sirt2 gene encodes the
enzyme NAD-dependent deacetylase sirtuin 2, which results in neurite growth and
protects mice from cisplatin-induced neural damage [51].

6.3.2.5 Bortezomib
As described earlier, the drug dimethyl fumarate, used in the treatment of multiple
sclerosis, is an antioxidant and neuroprotective agent whose effect is mediated
through the upregulation of Nfr2. “In vitro” studies using PC12 and rat DRG neurons
showed that it reduces the effect of bortezomib, oxaliplatin, and cisplatin on neurite
outgrowth, but lacks any protection against apoptosis [52]. Bortezomib alters the
energetic metabolism of DRG-neurons, shifting the mitochondrial oxidation to
aerobic glycolysis, the so-called Warburg effect. This aerobic glycolysis-phenotype
with the consequent overexpression of lactate dehydrogenase A (LDHA) and pyru-
vate dehydrogenase kinase 1 (PDHK1) contributes to development of CIPN. Studies
with a mouse model of bortezomib-induced neuropathy demonstrated that, by
inhibition of LDHA and PDHK1 with oxamate and dichloroacetate, respectively,
an improvement in the behavioral tests was achieved together with the reversal of the
metabolic phenotype [53].
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6.4 Treatment of CIPN-Related Pain

There are number of approaches that have been taken to treat CIPN-related pain in
animal model systems. Overall, studies suggest that while initial neuropathic pain in
CIPN is due to damage to the peripheral sensory nerve fibers, persistent CIPN-
related pain is likely due to a combination of peripheral and central
pathomechanisms. Supporting this idea is that duloxetine (which appears to act in
central nervous system) is the only medication to be shown to be effective in
reducing pain from established CIPN in double-blind placebo controlled human
clinical trials [54, 55]. Many of the other off-label use of neuropathic pain
medications have been tested and shown to provide relief in animal models
[56]. The disconnect between successful treatment of CIPN-related pain in animal
models versus the failure in human clinical trials is an important point that deserves
careful attention.

6.4.1 Categorized by Pathomechanism

The study of pathomechanisms of CIPN-related pain reflects the study of neuro-
pathic pain more broadly. As such, many of the pathways discussed below have
broad implications for neuropathic pain; however, there are some pathomechanisms
that are specific to the CIPN realm, which will be explicitly highlighted. While most
of the studies below focused on specific neurotoxic chemotherapy agents, it is
unclear how chemotherapy-specific any of the mechanisms below are. For example,
a given paper may study a treatment mechanism in cisplatin-induced peripheral
neuropathy, but does not explicitly test whether or not the same mechanism is at play
in CIPN from other medications. Furthermore the majority of papers either used
paclitaxel-, oxaliplatin-, or cisplatin-induced peripheral neuropathy models;
bortezomib and vinca alkaloid models are far less represented.

6.4.1.1 Voltage-Gated Ion Channels
Voltage-gated ion channels are a prominent target for CIPN-related pain. Multiple
models of CIPN have demonstrated altered voltage-gated ion channel expression
that leads to neuronal hyperexcitability and correlates with pain behaviors.
Voltage-gated sodium channels have shown increased expression in CIPN [57],
especially the Nav1.7-mediated sodium current; blockade of this channel reverses
hyperalgesia in a rat model of oxaliplatin-induced peripheral neuropathy
[58]. Reduced expression of potassium channels occurs in CIPN models [57, 59,
60], which has been shown to be counteracted by the voltage-gated potassium
channel activator retigabine (an FDA-approved epilepsy medication that targets
the Kv7 channel) [61]. Voltage-gated T-type calcium channel Cav3.2 expression is
increased in paclitaxel-induced peripheral neuropathy models [62]; blockade of this
channel or the N-type (Cav2.2) can alleviate CIPN-related pain behaviors
[63, 64]. The alpha-2-delta-1 auxiliary subunit for voltage-gated calcium channels,
the target of pregabalin and gabapentin, is also upregulated by paclitaxel (PMID

144 M. Morales and N. P. Staff



17084535). Finally, the hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels have been shown to be upregulated in a rat model of paclitaxel- or
oxaliplatin-induced neuropathy [57, 60], and blockade of these channels reduces
hyperalgesia and allodynia [60].

6.4.1.2 Neuroinflammation
Neuroinflammation is an often-used, but somewhat nebulous, term that typically
refers to the deleterious effects of non-neuronal cells (e.g., immune cells, cytokines,
and glial cells) to a neuropathological process (in this case CIPN). Extensive data
have established neuroinflammation as playing an important role in CIPN and CIPN-
related pain. CIPN is associated with changes in the peripheral immune system, seen
as increases in CD4+ and CD8 T-cells [65]. Astrocytosis is seen in the central
nervous system with CIPN, which, in part, appears to be mediated by heme
oxygenase-1 expression [66], but there are no documented significant changes in
microglial activation [65, 67]. Alterations in cytokine levels have been observed in
CIPN models, with increased CNS levels of TNF-alpha, IFN-gamma, CCL11,
CCL4, CCL3, IL-12p70, and GM-CSF [65]. Blockade of CXCR pathways
[68, 69] or MCP-1 [70] can decrease CIPN-related pain behaviors. Increasing
evidence also implicates toll-like receptor family activation (a component of the
innate immune system) as playing a key role in CIPN-related pain, which can also be
beneficially targeted [71–73], noting that data points to sexual dimorphism in this
response [71].

6.4.1.3 Sphingosine Metabolism
Sphingosine 1-phosphate is generated via sphingolipid and ceramide metabolism,
which can be activated via a number of mechanisms, including bortezomib and
paclitaxel. Activation of the sphingosine 1-phosphate receptor in astrocytes has been
shown to be important in establishing and maintaining bortezomib and paclitaxel-
induced neuropathy in rat models [74, 75]. Importantly, this is an IL-10 dependent
mechanism and also exhibits sexual dimorphic response [76]. Accordingly, sphin-
gosine 1-phosphate receptor blockade (via an FDA-approved medication,
fingolimod) can both prevent and treat established CIPN in animal models and is
being tested in human clinical trials.

6.4.1.4 Endocannabinoids
A number of studies have reported the benefits of cannabinoids for CIPN-related
pain syndromes in animal models, which has become more pertinent given the
increased legalization of medical and recreational marijuana in many jurisdictions.
Endocannabinoids have been implicated in development of CIPN-related pain
[77, 78]. Activation of cannabinoid receptors has been shown to reduce CIPN pain
behaviors caused by platinates [79–82] and taxanes [80, 83, 84]. The data in these
studies is mixed as to whether this effect is mediated primarily by CB1 or CB2
receptors, as well as the relative importance of central versus peripheral cannabinoid
receptor activation.
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6.4.1.5 Miscellaneous Pathomechanisms
Several pathomechanisms have been explored as a treatment approach for
established CIPN, albeit in limited studies. Metalloproteinase 2 and 9 are increased
in the DRG of paclitaxel-treated rats, and a study demonstrated reversal of
paclitaxel-induced allodynia with intrathecal injection of MMP9 monoclonal
antibodies [85]. Histone deacetylase 6 inhibition has been shown to reverse
cisplatin-induced allodynia, possibly via improved mitochondrial bioenergetics
[86]. The impact of the microbiome has been studied in CIPN. Transferring gut
microbiota from a mouse strain that is susceptible to CIPN (C57BL/6) into a resistant
strain (129SvEV) can lead to the susceptibility in the 129SvEV strain to paclitaxel-
induced neuropathic pain behaviors [87]. It has not been reported whether gut
microbiome may be a target for treatment for established CIPN. Finally, an
intriguing study demonstrated that voluntary wheel-running decreased paclitaxel-
induced allodynia [88].

6.5 Conclusions

There has been considerable laboratory effort made at discovering therapies for
established CIPN, and there are a number of promising pathomechanisms that can
be further studied in the future. Some of these pathomechanisms are broad and
should ameliorate CIPN from varied chemotherapeutic agents, whereas others may
be more directed as specific drugs. Finally, it has become clear that in animal models
of CIPN there are system level changes due to neurotoxic chemotherapy that may
play synergistic or antagonistic roles and will require more sophisticated approaches
to elucidate.
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Pharmacological Treatment of Established
Chemotherapy-Induced Peripheral
Neuropathy

7

Samantha Mayo, Yi Long Toh, Jeong Oh, and Alexandre Chan

Abstract

Pharmacological treatment of chemotherapy-induced peripheral neuropathy
(CIPN) is still in its infancy and available options are limited. Both American
Society of Clinical Oncology (ASCO) and European Society of Medical
Oncology-European Oncology Nursing Society-European Association of
Neuro-Oncology (ESMO-EONS-EANO) guidelines recommend the use of
duloxetine for treatment of CIPN. The ESMO-EONS-EANO suggest
gabapentinoids (pregabalin and gabapentin), tricyclic antidepressants, and
opioids may be considered as an option to relieve neuropathic pain where
duloxetine cannot be used. The National Comprehensive Cancer Network
(NCCN) guidelines do not address CIPN specifically, but consider
gabapentinoids (pregabalin and gabapentin) first-line options for cancer-related
neuropathic pain. Currently, none of these guidelines recommend the use of any
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supplements but they recommend against use of acetyl-l-carnitine due to harm
seen in preventions studies. The ESMO guidelines also recommend use of topical
menthol but recommend against the use of topical ketamine and amitriptyline.
Despite limited options currently available, multiple studies are ongoing and
further treatment choices may become available in the future.

Keywords

Chemotherapy-induced peripheral neuropathy · CIPN · Neuropathy ·
Management · Pharmacological

7.1 Introduction

In other chapters, we have learned that chemotherapy-induced peripheral neuropathy
(CIPN) is common and debilitating to many patients and survivors who receive
chemotherapy. Over the years, a number of agents have been tried for treatment of
symptoms associated with CIPN. Although evidence-based guidelines are available,
many of these agents are used in clinical practice primarily due to its extrapolated
data from pharmacologic studies of more common nonchemotherapy-induced neu-
ropathic pain syndromes, such as diabetic neuropathy. In this chapter, we are
providing an update on the literature related to the various categories of CIPN
treatment, with a specific focus on studies that were published over the past five
years. The categories of agents that will be covered in this chapter include the
serotonin–norepinephrine reuptake inhibitors, anticonvulsants, opioids, tricyclic
antidepressants supplements, and topical agents (Tables 7.1 and 7.2). Promising
therapies that are currently under trials will also be covered.

7.2 Serotonin–Norepinephrine Reuptake Inhibitors

7.2.1 Duloxetine

Evidence Duloxetine belongs to the drug class of serotonin–norepinephrine reup-
take inhibitor (SNRI) with known efficacy in treating neuropathic pain such as
diabetic neuropathy and chemotherapy-induced peripheral neuropathy (CIPN). An
SNRI helps to decrease pain transmission by inhibiting the reuptake of
neurotransmitters and increasing their synaptic concentrations. The main evidence
cited for efficacy of duloxetine in treatment of CIPN stems from a randomized,
placebo-controlled, crossover trial conducted by Smith et al. [1], which had reported
a moderately large effect size of 0.51. Patients were treated with duloxetine via a
regimen consisting of 30 mg daily for the first week and 60 mg daily for 4 additional
weeks. Patients receiving duloxetine showed significantly greater decrease in pain
score compared to those who had received placebo, with a mean change of �1.06 vs
�0.34 on the Brief Pain Inventory-Short Form, p ¼0.003. They had also reported
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greater decrease of pain interference with daily function and an improvement in
pain-related quality of life. In a secondary analysis by Smith et al [2], patients with
higher emotional functioning were found to more likely respond to duloxetine
treatment (OR ¼ 4.04, 95% CI ¼ 0.99–16.31). An improvement in emotional
functioning with the use of duloxetine was also reported in another study involving
breast cancer patients [3]. This underlines that specific sub-groups of patients may
stand to benefit more from the use of duloxetine and how managing distress may
help to optimize management for painful neuropathy. In a pilot study conducted by
Hirayama et al., duloxetine administration was found to decrease mean visual analog
scale scores for both numbness and pain, when compared to Vitamin B12. It may be
of further interest to investigate if the extent of duloxetine’s effectiveness in treating
CIPN is dependent on the type of chemotherapeutic drug as this study focused on
Japanese patients treated with paclitaxel, oxaliplatin, bortezomib or vincristine
[4]. In another comparative trial against venlafaxine and placebo, duloxetine was
reported to demonstrate effectiveness in treating established CIPN. In the duloxetine
group, cranial neuropathy grade in patients decreased significantly throughout the
study period and beneficial effects were observed on motor, sensory and neuropathic
pain grade as well, with lower frequency of patients reporting higher pain grade in
the aforementioned aspects [5].

Conversely, patients receiving duloxetine reported more adverse side effects
experienced such as fatigue, insomnia, and nausea, resulting in an 11% dropout
rate compared to 1% in placebo group in trial by Smith et al. The use of duloxetine
also warrants consideration of drug-interaction-risks, with it being a moderate
CYP2D6 inhibitor. Keeping in mind the adverse effect profile of duloxetine, future
trials may be needed to compare different dosing and duration of duloxetine in order
to optimize its effective dose in treating CIPN. Despite duloxetine being
recommended for treatment of CIPN, the incidence of duloxetine dispensing
shows an underutilization in the USA. According to a retrospective claims study
conducted by Gewandter et al, the most commonly dispensed drug after initiating
neurotoxic chemotherapy was found to be gabapentin, in 7.1% of patients compared
to 0.78% for the dispensing of duloxetine in patients undergoing neurotoxic chemo-
therapy [6]. Other factors such as patient-related factors and cost could also decide
on the choice of treatment for CIPN.

Guidelines Recommendation To date, duloxetine remains one of the few pharma-
cological options recommended by guidelines for treatment of CIPN. Duloxetine has
been approved to treat diabetic neuropathy and other neuropathic pain by the FDA.
According to the American Society of Clinical Oncology (ASCO) guidelines
published in 2014, duloxetine is given a moderate recommendation for use as a
pharmacological treatment option for CIPN [7]. In the 2020 ASCO guideline update,
data from 3 additional trials were considered and duloxetine remains the only agent
recommended for use to treat patients with established painful CIPN. However, the
limited amount of benefit from its use is also noted [8]. Similarly, under the
European Society for Medical Oncology (ESMO) 2018 guideline for management
of cancer pain in adult patients, duloxetine is also given a strong recommendation as
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single agent for neuropathic pain first-line treatment, along with gabapentin,
pregabalin, and tricyclic antidepressants (�75 mg/day) [9]. In the updated ESMO
2020 guideline for systemic anticancer therapy-induced peripheral and central neu-
rotoxicity, duloxetine is given grade B recommendation with level I evidence for
treatment of neuropathic pain [10]. The National Comprehensive Cancer Network
(NCCN) 2020 guideline for adult cancer pain included a supporting statement for
use of duloxetine with a starting dose of 20–30 mg daily, increase to 60 mg daily as
tolerated, as an adjuvant analgesic for neuropathic pain [11].

Future Directions Although duloxetine had demonstrated efficacy in treating CIPN
based on pain score measures, its use had been limited to cases of paclitaxel and
oxaliplatin-induced peripheral neuropathy so far. The magnitude of benefit may be
considered modest in a clinical setting. Future studies may be required to see if its
effect extends to neuropathy induced by other chemotherapeutic agents and to
optimize its effective dosage.

7.2.2 Venlafaxine

Evidence Venlafaxine belongs to the same drug class of SNRI as duloxetine. Its
efficacy in prevention of CIPN was supported in a randomized, placebo-controlled
trial conducted by Durand et al. [12]. Patients were randomized to receive either
venlafaxine 50 mg 1 h prior to oxaliplatin infusion and venlafaxine extended release
37.5 mg twice daily from day 2 to 11 or placebo. In the venlafaxine arm, the
proportion of patients who experienced complete relief of acute neurotoxicity as
measured on the Neuropathic Pain Symptom Inventory was significantly higher at
31.3% vs 5.3% in patients who received placebo ( p ¼ 0.03). In terms of adverse
effect profile, a higher frequency of emesis was observed with the use of venlafaxine.
In another trial, comparing venlafaxine extended release at dose of 37.5 mg twice
daily against placebo, no difference in the motor and autonomic subscales measured
on the European Organization for Research and Treatment of Cancer Quality of Life
Questionnaire-Chemotherapy-induced peripheral neuropathy (EORTC
QLQ-CIPN20) was shown between both arms while sensory subscale data favored
the placebo arm [13]. Depending on the instrument used and timing of oxaliplatin
administration, results may differ, and future studies would be required before
drawing an inference on venlafaxine’s efficacy in treating CIPN.

In a double-blinded clinical trial conducted by Farschian et al. which provided
direct comparison between the effects of duloxetine and venlafaxine on CIPN over
4 weeks, findings espoused the use of duloxetine over the latter [5]. It was reported
while decreased neuropathy was observed in both groups, duloxetine had a more
pronounced effect on reducing the grade of motor neuropathy and neuropathic pain
severity than venlafaxine. It would be useful to have these findings validated in
independent patient cohorts with larger sizes.
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Guidelines Recommendation Despite venlafaxine’s ability to potentially act as an
agent for the treatment of established CIPN, the ASCO guideline does not recom-
mend the routine use of venlafaxine in clinical practice [7, 8]. The ESMO 2018
guideline does not mention the use of venlafaxine for treating cancer-related neuro-
pathic pain [9]. However, under the ESMO 2020 guideline, venlafaxine is consid-
ered as a pharmacological intervention for treatment of neuropathic pain with a grade
C of recommendation and level II evidence [10]. In the National Comprehensive
Cancer Network (NCCN) 2020 guideline for adult cancer pain, the use of
venlafaxine (with a starting dose of 37.5 mg daily, titrated up to 75-225 mg daily)
is supported as an adjuvant analgesic for neuropathic pain [11].

Future Directions The mechanism of action may be imperative in understanding
whether venlafaxine may be effective in treating CIPN as analgesic effectiveness is
not found to be dependent on its anti-depressant activity. Venlafaxine’s efficacy
against oxaliplatin-induced neurotoxicity is hypothesized to be due to its ability to
modulate oxidative stress in the nervous system. Although venlafaxine belongs to
the same drug class of SNRI as duloxetine, it was not found to be as effective.
Compared to other SNRIs, venlafaxine has a higher affinity for 5-HT transporter but
lower affinity for norepinephrine transporter. A recent meta-analysis suggests SNRI
as a promising treatment option, with improvement in CIPN shown (standardized
mean difference ¼ 2.20, 95% CI ¼ 0.90–3.49) [14]. Future treatments for
established CIPN may require a more targeted approach, using drugs tailored to
the nature of the CIPN induced.

7.3 Anticonvulsants

Evidence The use of anticonvulsant agents for the treatment of CIPN is an area of
interest given their effectiveness in the treatment of neuropathic pain in other
non-cancer contexts, such as diabetic neuropathy and post-herpetic neuralgia. The
analgesic effects of gabapentinoids, such as gabapentin and pregabalin, are attributed
to their binding to the alpha-2-delta subunit of presynaptic calcium channels, which
reduces the release of excitatory neurotransmitters [15]. Despite a similar mechanism
of action, structural differences between the compounds account for pregabalin
exhibiting more rapid absorption and bioavailability at lower doses than gabapentin
[16]. In the context of neuropathic pain, the maximum dosage of gabapentin is
3600 mg/day, divided into three doses, whereas for pregabalin it is 600 mg/day [17].

In the context of CIPN, small single-arm studies have reported improvements in
CIPN symptoms at dosages of gabapentin at a maximum 900 mg/day divided into
three doses [18] and pregabalin at a target dose of 450 mg/day, divided into three
doses [19]. However, in these studies, a large proportion of patients did not stay on
drug, with 7/20 (35%) [18] and 8/23 (35%) [19] patients, respectively, stopping the
drug due to no benefit or adverse effects.

Moreover, randomized studies of gabapentinoids for the treatment of established
CIPN have been unable to provide evidence of effectiveness. A double-blind
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randomized cross-over trial of gabapentin (at a maximum dose of 2700 mg/day) was
unable to demonstrate benefit on CIPN-related pain (measured by the numeric rating
scale and ECOG neuropathy scale) when compared to placebo, in a sample of
115 mixed cancer patients treated with a variety of neurotoxic chemotherapies
[20]. A small double-blind randomized cross-over trial of 26 mixed cancer patients
with CIPN after treatment with oxaliplatin, docetaxel, or paclitaxel chemotherapy,
tested a 4-week treatment with pregabalin (600 mg/day) and found no significant
difference between pregabalin and placebo in reducing average daily pain from
baseline (average daily pain: 22.5% vs 10.7%, P ¼ 0.23, or worst pain: 29.2% vs
16.0%, p¼ 0.13) [21]. Compared to the duloxetine, pregabalin was more effective at
improving pain and insomnia domains of QOL as measured by the EORTC
QLQ-C30, though global QOL improved for both groups [3]. Finally, an early
RCT was unable to demonstrate any benefit of lamotrigine on CIPN pain (target
dose of 300 mg daily) as compared to placebo in a sample of 131 mixed cancer
patients [22].

Guideline Recommendations In the 2020 practice guidelines from ESMO-EONS-
EANO, anticonvulsants are recognized as having potential for symptom control in
CIPN, despite limited evidence to support efficacy, in cases of duloxetine failure or
presence of contraindications [10]. These guidelines provide the following
suggested doses, as tolerated: gabapentin at a target dose of 2700 mg daily,
pregabalin at a target dose of 300 mg daily, and lamotrigine at a starting dose of
25 mg/day up to a target dose of 300 mg/day [10].

In the latest update of the ASCO CIPN guideline, no recommendation was made
regarding the use of gabapentin or pregabalin, as a consequence of low levels of
evidence to support its benefit [23]. NCCN recognizes anticonvulsants as an option
for first-line adjuvant analgesics for cancer-related neuropathic pain, though not
specific to CIPN [24]. The NCCN guidelines also highlight that titration rate
and/or maximum dose may require adjustment for patients who are elderly, medi-
cally frail, or have renal insufficiency and note that pregabalin is more efficiently
absorbed through the GI tract than gabapentin [24].

Future Directions Other anticonvulsants have been investigated for their effective-
ness in managing CIPN. Lacosamide is an anti-epileptic drug with additional
anticonvulsant effects through its inhibition of neuronal voltage-gated sodium chan-
nel activation. One case report describes a 52-year old male patient with metastatic,
high grade urothelial carcinoma that experienced painful peripheral neuropathy after
MVAC chemotherapy (methotrexate, vincristine, doxorubicin, and cisplatin) that
was uncontrolled with combination gabapentin, morphine, and oxycodone-
acetaminophen. Treatment with lacosamide at a dose of 100 mg twice daily was
accompanied with immediate pain improvement and management of symptoms over
the subsequent chemotherapy cycle appeared to coincide with lacosamide adminis-
tration [25]. Recent pre-clinical data suggest that lacosamide may have comparable
effects on paclitaxel-induced peripheral neuropathy, but with less motor adverse
effects related to motor functioning. Lacosamide was not effective in fibromyalgia
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and chronic neuropathic pain in a 2012 Cochrane review [26], but a recent RCT
reported benefit in reducing pain compared to placebo in non-cancer small fiber
peripheral neuropathy [27].

7.4 Opioids

Evidence The evidence related to the use of opioids specific to the treatment of
CIPN is limited to few single-arm studies. In an open-label, single-arm study,
46 hematological cancer patients with uncontrolled bortezomib-induced peripheral
neuropathy pain were treated with controlled-released oxycodone (mean daily dose
of 24.28 mg). After two weeks, there was a significant reduction in pain intensity on
the NRS, from 7.6 at baseline to 1.3 on day 14. For most participants (38/46), the CR
oxycodone was added to their previously established anticonvulsant treatment, but
response did not differ from those not receiving a concurrent anticonvulsant drug.
Side effects were reported in 26/46 patients, with the most common being grade 1–2
constipation in 12 patients (26%) [28]. To reduce the risk of opioid-induced consti-
pation, another single-arm study tested an oxycodone/naloxone combination in
72 Korean patients of mixed cancer diagnoses with uncontrolled CIPN. Oxyco-
done/naloxone, starting at 20/10 mg/day and titrated up to 80/40 mg/day, was added
to the existing treatment with gabapentin or pregabalin and a 21.4% reduction in
NRS score was observed after 4 weeks (23.3 vs. 1.29, p<0.0001) [29]. The combi-
nation of tramadol/acetaminophen, administered as one tablet every 6 h, significantly
reduced VAS scores (3.1 vs. 2.1, p<0.001) after 24 h in a sample of 96 patients with
colorectal and gastric carcinomas with mild to moderate oxaliplatin-induced chemo-
therapy [30]. However, findings from this single-arm study also highlight potential
for variability in analgesic response; the benefit of tramadol/acetaminophen varied
based on mu-opioid receptor gene (OPRM1) A118G polymorphism, with reduced
response in participants with G allele variants [30].

There is a lack of randomized controlled trials testing the effect of opioids specific
to the treatment of CIPN. One open-label randomized controlled trial compared
pregabalin to transdermal fentanyl for neuropathic pain due to cancer or its treatment
and found that fentanyl alone did not have a benefit over pregabalin. In the fentanyl
group, 36.7% of participants achieved at least a 30% reduction in VAS compared to
the 73.3% in the pregabalin group ( p<0.0001) [31]. However, the proportion of the
sample with CIPN in this trial was not reported, making the applicability of these
findings to CIPN unclear.

Guidelines Recommendation In the 2020 practice guidelines from ESMO-EONS-
EANO, opioids are referred to as a salvage option for CIPN given the evidence of
efficacy in the treatment of neuropathic pain related to other causes, but recognizing
the lack of evidence in the treatment of CIPN in particular [10]. The 2020 update of
the ASCO guideline on prevention and management of CIPN in survivors of adult
cancers does not address the use of opioids, as only randomized trials were eligible
for inclusion in the evidence review [23].
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7.5 Tricyclic Antidepressants

Evidence Nortriptyline and amitriptyline, tricyclic antidepressants (TCA) that
inhibit the reuptake of the biogenic amines—mostly norepinephrine and serotonin
are effective in the treatment of neuropathic pain. Evidence is well established in the
non-CIPN neuropathic pain setting, with a Cochrane review reported that TCAs
were effective for the achievement of at least moderate pain relief [32].

In the setting of CIPN, there is minimal and mixed evidence. One RCT involving
51 patients with cisplatin-induced peripheral neuropathy investigated nortriptyline at
25 mg daily with increasing doses at weekly intervals of 25 mg (maximum target
dose, 100 mg daily). Patients received either nortriptyline or placebo in two 4-week
phases, separated by a 1-week washout period. There were no significant differences
in paresthesias between groups in the first treatment period. Although nortriptyline
appeared to have a modest benefit in the second treatment period, overall, there was
no significant difference between groups [33]. In another RCT, amitriptyline
(n ¼ 44) at dosages of 10–50 mg daily for the treatment of CIPN from a variety of
chemotherapeutic agents failed to improve sensory neuropathic symptoms [34].

Guidelines Recommendation In the ASCO 2014 and 2020 guidelines, recommen-
dation for the use of TCA for treatment of CIPN is inconclusive. The two trials that
informed the recommendation possessed limited statistical power which limited the
generalizability of the data. However, it is also acknowledged that the potential of
harms and benefits for TCAs is generally low, suggesting that they could be viable
options that may be offered for patients despite not yet having been proven to be
helpful for CIPN.

7.6 Supplements

7.6.1 Acetyl-L-Carnitine

Evidence Acetyl-L-carnitine (ALC) has shown a neuroprotective effect in diabetic-
related neuropathy possibly thru neuroprotective effect mediated by neuronal nerve
growth factor, regulation of acetyl-CoA, and acetylation of tubulin. Initially, two
small treatment studies of CIPN from paclitaxel and cisplatin have suggested
potential benefit from ALC [17]. However, a large double-blind randomized pre-
vention trial showed harm from ALC supplementation [35]. Follow-up long term
prevention study showed further persistence of worse CIPN up to 2 years of
discontinuation [36]. In view of the harm shown in these prevention studies, ALC
cannot be recommended for treatment of CIPN.
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7.6.2 Glutamate/Glutamine

Evidence Glutamate was thought to induce local nerve growth factor release and
aid in the assembly microtubule [37]. Initial studies suggested that glutamate
ameliorate modestly both human [38] and experimental neuropathy induced by
vincristine [39], paclitaxel and cisplatin [39]. More recently, in a randomized control
trial of 49 patients between 4 and 19 years old who developed vincristine-induced
neuropathy, glutamine group had lower neuropathy scores (National Cancer Institute
Common Terminology Criteria for Adverse Events v.3) than placebo group on day
21. Neuropathy scores were not statistically different on day 42 after 21 days
washout period [40]. However, glutamate supplementation has failed to prevent
peripheral neurotoxicity of paclitaxel and current models for neuropathic pain from
oxaliplatin seem to be associated with excessive activation of glutamate receptors in
the spinal cord with increased amount of synaptically released glutamine [41]. Due
to these findings and concerns, we do not have enough evidence to recommend
glutamine for the treatment of CIPN.

7.6.3 Kampo

Evidence The Kampo (a traditional Japanese herbal medicine) formulas are made
of different herbal components to treat peripheral neuropathies. Early studies have
suggested potential benefit of Kampo formula containing Goshajinkigan in CIPN
prevention studies [42]. A retrospective review of a database of 24 ambulatory
patients with cancer in Japan who had developed neuropathy after chemotherapy
and treated with diverse Kampo formulas (mostly containing commonly
Goshajinkigan, hachimijiogan, and keishibukuryogan) showed beneficial outcomes
in 80.0%. A reduction of � 50% in numbness and pain was observed in 37.8%
[43]. However, as further prevention studies failed to show benefit, and the only
study with beneficial results used diverse formulas, further studies are needed before
we can recommend Kampo formulas for treatment of CIPN [44].

7.6.4 Guidelines Recommendation

The current ASCO Guideline Update does not provide any official recommendations
for any supplements, and recommendations were made against ALC [23]. Similarly,
in the Society for Integrative Oncology guidelines Clinical Recommendation for
treatment of Neuropathy, ALC is not recommended to treat neuropathy because of
harm [45]. Furthermore, the guidelines stated that there is currently insufficient
evidence to form a clinical recommendation for omega 3 fatty acids and vitamin
E. ESMO guidelines do not recommend any supplements for treatment of CIPN in
adults but state glutamine has modest evidence for efficacy in children [10].

7 Pharmacological Treatment of Established Chemotherapy-Induced Peripheral. . . 163



7.6.5 Future Directions

Based on current evidence, no supplements can be recommended as a treatment
option in usual clinical practice setting. However, several supplements have been
shown to be potentially beneficial in CIPN in recent studies and should be monitored
for results of further clinical research. In a study for acupuncture, methylcobalamin
only control group also showed significant improvements in pain scores for CIPN
but needs further studies in placebo-controlled setting [46]. Retrospective studies in
CIPN suggested improvement of numbness and pain with Goshajinkigan formula
but further prospective studies are needed to evaluate its effectiveness [43].

7.7 Topical Treatment

7.7.1 Baclofen, Amitriptyline, and Ketamine Topical Gel

Evidence Topical amitriptyline and ketamine were shown to decrease neuropathic
pain in patients diabetic neuralgia [47]. A trial of a pluronic lecithin organogel
containing baclofen 10 mg, amitriptyline HCL 40 mg, and ketamine 20 mg twice
daily for 4 weeks was studied in 150 patients with CIPN using EORTC Quality of
Life Questionnaire–Chemotherapy-Induced Neuropathy 20. After 4 weeks there was
a nonsignificant trend toward benefit in sensory subscale scores as well as significant
improvement in motor subscale scores [48].

7.7.2 Topical Amitriptyline and Ketamine

Evidence A trial for patients with CIPN a combination of 4% amitriptyline/2%
ketamine preparation was studied in a double-blind randomized placebo-controlled
trial involving 462 patients. However, topical amitriptyline/ketamine showed no
effect on 6-week CIPN scores for pain, numbness, and tingling in an intention to
treat analysis [49].

7.7.3 High Concentration Topical Amitriptyline

Evidence Case reports of high concentration topical amitriptyline (5–10%)
suggested benefit in neuropathies of diverse etiologies. A recent pilot study of
44 patients with CIPN of hands and feet evaluated the use of 10% amitriptyline
cream twice daily. VAS pain score decreased at least 3 points in all patients after
1 week of treatment. After 4 weeks of topical amitriptyline, mean VAS pain score
decreased from 7 to 2. Twenty percent of the patients stopped treatment after
1 month with no worsening of symptoms after initial relief of pain. However, further
studies are needed in placebo-controlled environment [50].
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7.7.4 Capsaicin Patch

Evidence Capsaicin 8% patch has been used in the past for the treatment of other
neuropathic pains. A study of 16 patients with CIPN from taxanes, protease
inhibitors, and platinum compounds treated with one single 30 minutes application
of capsaicin 8% patch. Patients had significant reduction numerical pain rating scale
for spontaneous, touch-evoked, and cold-evoked pain 3 months after initial applica-
tion [51]. Further placebo-controlled studies are needed to ensure the improvements
were not spontaneous over time.

7.7.5 Topical Citrullus colocynthis (Bitter Apple)

Evidence Citrullus colocynthis extract has been shown to decrease pain in diabetic
neuropathy [52]. However, a placebo-controlled RCT of C. colocynthis twice daily
for 2 months in breast cancer patients with CIPN failed to demonstrate any improve-
ment in FACT/GOG-Ntx scores in sensory or functional domains [53].

7.7.6 Topical Menthol

Evidence Menthol is a topical activator of transient receptor potential melastatin
8 (TRPM8), a cation channel present on sensory neurons and has a potential to
produce analgesia in CIPN. Early case reports have suggested benefit in bortezomib-
and carboplatin-induced neuropathy [54, 55]. A more recent open-label proof of
concept study evaluated the use of topical menthol in 1% aqueous cream twice daily
for 4–6 weeks in patients with chronic neuropathic pain. Of the 51 participants only
35 (69%) had CIPN. Thirty-one of thirty-eight patients (82%) who completed 4–6
week assessment had statistically significant improvement of their pain scores using
Brief Pain Inventory as well as in Quantitative Sensory Testing, although it was not
statistically significant in all items. However, as there were no separate analysis for
patients with CIPN, further studies are needed in subjects with chemotherapy-
induced neuropathy [56].

7.7.7 Guidelines Recommendation

In the latest ASCO guideline update, there is no official recommendations for any
topical treatment outside of clinical trials. There are also no recommendations made
for topical gel treatment containing baclofen, amitriptyline HCL, plus/minus ketamine
[8]. ESMO guidelines rated grade of recommendation B (generally recommended) to
topical menthol based on prospective cohort studies; however, this was a mixed cohort
with only 69% having CIPN. ESMO also rated grade C (optional) for topical baclofen,
amitriptyline, and ketamine gel and capsaicin patches based on level II and III
evidence, respectively. However, ESMO rated grade D (generally not recommended)
to topical ketamine and amitriptyline based on level I evidence [10].
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7.7.8 Future Directions

Based on current evidence, no topical formulation can be recommended as a
treatment option in usual clinical practice setting. Topical gabapentin gel was studied
in rats with cisplatin-induced neuropathy in a prevention study and showed benefit in
the alleviation of neuropathic hypoalgesia [57] but treatment studies in human are
needed to explore its viability. Topical menthol may be beneficial but research is
needed in CIPN specific target population [56]. High concentration topical amitrip-
tyline [50] and capsaicin 8% patch needs further studies in placebo-controlled setting
and topical baclofen and amitriptyline, and ketamine needs further studies to confirm
beneficial results observed in initial studies. However, topical menthol, high dose
amitriptyline, combination baclofen/amitriptyline/ketamine, and capsaicin patch
could be an option in patients who have significant symptoms and are refractory to
other recommended treatment options.

7.8 Other Agents under Investigation

Currently, a number of agents are undergoing clinical trials for evaluating their
efficacy in treatment of CIPN. We have extracted information from ClinicalTrial.gov
on all the registered trials that are currently recruiting or about to recruit, and these
agents include TRK-750, dextromethorphan, nicotinamide riboside,
calmangafodipir, hemp-based cannabidiol, minocycline, and intravenous lidocaine
[58]. Results of these studies will be able to inform the future directions on the
management of CIPN.

7.9 Summary

To date, the options of effective pharmacological treatment for established CIPN
have remained scarce. The adverse impact on patient’s quality of life presents an
unmet clinical need to be bridged. Recommendations by international guidelines or
evidence generated from robust clinical trials for treatment of CIPN are limited,
other than for the use of duloxetine. Given that the observed effect for drugs which
commonly work against neuropathic pain might not necessarily work in CIPN, there
is a need for enhanced understanding and appreciation of the patient-related factors
and biological mechanisms underlying CIPN. The manifestation of CIPN symptoms
is likely due to a combination of multiple factors and in this regard, a combination
with non-pharmacological interventions may also be helpful to mitigate the adverse
side effects. The future carries hope for the realization of a potential treatment as
ongoing research shows promise in clarifying novel agents and/or tailored
interventions specific to the mechanisms of action (Tables 7.1 and 7.2).
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Abstract

Chemotherapy-induced peripheral neuropathy (CIPN) is a highly prevalent and
dose-limiting toxicity of many widely used chemotherapy regimens for the
treatment of common cancers including lung, breast, prostate, gastrointestinal,
and blood cancers. Symptoms include numbness, tingling, pain, and cramping in
the hands and feet, as well as impaired balance and gait that collectively increase
the risk of falls and compromise activities of daily living. Among the extremely
limited treatment options for CIPN, exercise has emerged as a promising inter-
vention based on a growing body of studies. Here, we review preclinical and
clinical evidence on the use of exercise and related modalities for the prevention,
treatment, and management of CIPN. We identified 2 studies in rodents plus
23 studies in humans, including 15 randomized studies (10 comparing
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exercise vs. non-exercise control), plus 19 pre-registered studies. The
10 randomized studies collectively suggest that exercise is beneficial for the
treatment and prevention of CIPN with little to no side effects. However, these
studies tend to be either rigorous yet small or large yet simple and exploratory,
with no Phase III randomized studies published or pre-registered. Next, we
discuss biological and psychosocial mechanisms by which exercise might exert
its effects. We are optimistic for the trajectory of this work including seeking
definitive answers to whether exercise is beneficial, what dose of exercise is
needed, how it exerts its effects mechanistically, and how to best disseminate
exercise to patients in the real world.

Keywords

Exercise · Chemotherapy · Neuropathy · CIPN · Review · Mechanism

8.1 Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a highly prevalent and
severe toxicity of many widely used chemotherapy drugs including platinum-
based agents (oxaliplatin, cisplatin, carboplatin), taxanes (paclitaxel, docetaxel),
vinca alkaloids, bortezomib, and thalidomide analogs [1, 2], as well as certain
immunotherapies [3]. These drugs are used to treat many cancers including lung,
breast, prostate, gastrointestinal, cervical, ovarian, testicular, blood, and bone mar-
row cancers. CIPN can involve acute symptoms that present in the hours and days
after an infusion [4–6] plus ongoing symptoms that affect on average 58–78% of
patients one month after completion of chemotherapy [7]. The prevalence of CIPN is
approximately 6–54% six months post-chemotherapy [7], and many patients
develop a chronic CIPN [8, 9]. CIPN can become so severe that it gives oncologists
cause to reduce chemotherapy dose or terminate neurotoxic chemotherapy alto-
gether, and it reduces adherence to at-home chemotherapy [10], which may compro-
mise anti-cancer treatment [11]. CIPN is also stressful on the healthcare system—

medical claims data suggest that CIPN is under-diagnosed [12] and that patients with
CIPN typically require 12 more outpatient visits, 3 more hospital days, and $17,000
USD more in medical expenses than matched patients without CIPN [13].

CIPN includes patient-reported symptoms, clinical signs, and mechanistic
features resulting from damage, dysfunction, and death of peripheral neurons and
downstream sequelae. The symptoms of CIPN are primarily felt in the hands and feet
with some combination of numbness, tingling, shooting or stabbing pains, burning
pain, cramping, and hypersensitivity to cold (e.g., cold weather, touching something
cold, or pain in the throat from drinking a cold beverage) [2, 14]. The consequences
of CIPN include loss of tactile or vibration sensitivity, walking gait and balance
problems (i.e., postural instability; especially with eyes closed) [15, 16], increased
risk of falls [17, 18], compromised participation in activities of daily living, occa-
sional changes in peripheral sensory nerve conduction (e.g., reduced sensory nerve
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action potential amplitudes) and, in rare cases, damage to the autonomic nervous
system leading to impaired organ function (e.g., constipation, orthostatic hypoten-
sion, sexual dysfunction) [2]. The pathophysiological mechanisms underlying the
development of CIPN are varied and agent-dependent but include neuronal loss in
the dorsal root ganglion, axonal degeneration, oxidative stress and mitochondrial
dysfunction, interruption of axonal transport, neuroinflammation, and excitability
alterations [1, 19, 20]. There is no gold-standard assessment for CIPN [21, 22], but it
is recommended to include both patient-reported outcome measures (e.g., CIPN-20;
[23]) and clinical grading scales [21, 22], e.g., the Total Neuropathy Score (TNS)
[24]. Diagnosis depends on patient history, type and dose of chemotherapy, and
symptoms [16, 25].

There are only minimally effective treatments for CIPN, despite over 20 years of
research and over 48 RCTs testing drugs to treat or prevent CIPN [25–27]. The 2020
American Society for Clinical Oncology (ASCO) Guidelines for CIPN concluded no
recommended methods to prevent CIPN, and only one established method to treat
CIPN: a moderate recommendation of the drug duloxetine to treat CIPN-related pain
[25]. However, in the most definitive RCT of duloxetine (N ¼ 231), CIPN pain was
only mildly improved with this drug [28]. Duloxetine also has poor adherence of
30–38% [29], perhaps due to its side effects such as constipation and dizziness
[30]. As of yet there are no recommended supplements, integrative therapies [31],
devices, or behavioral interventions for CIPN [25] due to lack of multiple definitive
Phase III randomized controlled trials (RCTs). Therefore, research on promising
treatments for CIPN is a high-priority area of inquiry to ultimately identify and
optimize additional treatments for CIPN [32]. One of the most promising treatments
for CIPN is exercise, as shown by a growing body of studies [33, 34].

Here we review preclinical and clinical evidence on the use of exercise, physical
therapy, and occupational therapy for the prevention, treatment, and management of
CIPN. There have been two excellent and recent systematic reviews of studies
investigating exercise for CIPN [33, 34], and so we only briefly review these existing
published studies and then extend beyond these reviews in a few unique ways. First,
we will review preclinical studies of exercise for CIPN. Then we present
pre-registered studies of exercise for CIPN to get a sense of the future literature.
Next, we discuss biological and psychosocial mechanisms by which exercise might
exert its effects on CIPN. We conclude with implications for future research on the
use of exercise for preventing and/or treating CIPN.

8.2 What Is Exercise, Physical Therapy, and Occupational
Therapy?

Definitions Physical activity is any bodily movement produced by skeletal muscles
that results in energy expenditure. Physical activity can be categorized into occupa-
tional, sports, conditioning, household, or other activities [35]. Exercise is a subset
of physical activity that is planned, structured, and repetitive and has as a final or an
intermediate objective to improve or maintain physical fitness [35]. Physical therapy
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in our chapter here is defined as a branch of passive rehabilitative measures (e.g.,
manual therapy, massage, traction, ultrasound, electrical stimulation) to help patients
regain or improve their physical abilities. Occupational therapy helps people with
injuries do what they want and need to do via therapeutic use of daily activities, thus
enabling patients to live life to its fullest, including activities of daily living in the
occupational, recreational, and household setting (American Occupational Therapy
Association).

In studies or prescriptions of exercise, it is important to consider the dose, which
comprises the frequency (how often an exercise session is performed; e.g., 3 sessions
per week), intensity (based on percent maximum heart rate, percent maximum force
production, or perceived exertion), type (aerobic, resistance, mixed), and duration
(minutes per session). It is also important to consider principles of exercise training
including (1) specificity, (2) progression, (3) overload, (4) initial values,
(5) diminishing returns, and (6) reversibility [36]. Typically, dose is progressively
increased over several weeks and may be periodized into cycles of higher doses
(a larger stimulus to ultimately drive physiological adaptation) alternated with lower
doses to overcome training adaptation barriers (i.e., the principle of diminishing
returns).

Exercise is effective for treating a variety of clinical problems [37] including
cardiovascular disease [38], depression [39], diabetic neuropathy [40, 41], and
neuropathic pain [42]. There is also a strong body of evidence suggesting that
exercise treats cancer- and cancer treatment-related side effects such as fatigue,
cardiovascular toxicity, quality of life, physical function, and others [43–48].

Although the literature has suggested that exercise and physical therapy can help
patients with CIPN since the mid-2000s [49–51], this is a relatively new area of
research, when compared to exercise for cancer-related fatigue or cancer-related
cardiovascular disease, which both have been tested via multiple Phase III RCTs
[47, 48]. The body of research on exercise and CIPN includes several correlational
studies in humans suggesting that CIPN is associated with lower levels of physical
activity (e.g., [52–56]), and that exercise adherence is associated with better psycho-
logical outcomes especially in patients with worse CIPN [57]. However, these
correlations do not reveal whether CIPN reduces physical activity and/or if a
reduction in physical activity worsens CIPN. In the following sections, we review
the two preclinical studies of exercise for CIPN, followed by 23 clinical studies of
exercise, physical therapy, and occupational therapy for the treatment or prevention
of CIPN, followed by 19 pre-registered studies that are planned or in progress,
suggesting where this body of research is moving in the coming years. In a separate
chapter, we prepared a set of suggestions on how to use exercise for the prevention or
treatment of CIPN in a clinical setting [58].
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8.3 Preclinical Studies on Exercise for CIPN (Table 8.1)

Our literature review identified two preclinical studies of CIPN and exercise
(Table 8.1). In the first study, Park et al. randomized 32 mice to exercise or control
with infusions of paclitaxel or vehicle (control) [59]. The exercise consisted of
treadmill running starting 1 week before paclitaxel (3 injections across 5 days) for
60 min/session each day for 4 weeks. They found that daily treadmill exercise
partially prevented paclitaxel-induced thermal hypoalgesia, reductions in nerve
fiber density, and detyrosinated tubulin in peripheral nerves, which appears to be

Table 8.1 Preclinical studies testing exercise for the treatment or prevention of CIPN

Citation
Sample and study
design

Chemotherapy
regimen Exercise protocol

Effects of exercise on
CIPN

Park
et al
2015
[59]

32 AJ mice age
6 weeks
Randomization:
• Control �
paclitaxel.
• Control +
paclitaxel.
• Exercise �
paclitaxel.
• Exercise +
paclitaxel.
Assessments
• Pre-intervention.
• Post-
intervention
(4 weeks).

• Paclitaxel
25 mg/kg every
other day for
3 injections into
the tail vein

• Treadmill exercise
starting 1 week
before paclitaxel for
60 min/session,
7 sessions/week for
4 weeks
• 5-min warm up at
6 m/min 50 min
running at 10 m/min
5 min cool down at
6 m/min

• Partially reduced
axonal degeneration
(nerve fiber.
density), thermal
hypoalgesia
• Prevented
detyrosinated tubulin
in nerves as seen.
in paclitaxel treated
mice

Slivicki
et al
2019
[60]

Mice C57BL/6 J
age 12–14 weeks
Randomization
• Free access to
running.
Wheel
• No access.
Experiments
• During onset
of CIPN.
• Prior to
paclitaxel vs.
vehicle
• After
establishment of.
CIPN
Assessments
• 6 times over a
3-week period.

• Paclitaxel
4 mg/kg every
other day for
4 injections
intraperitoneally

• Access to running
wheels that
measured number of
revolutions
• Paclitaxel did not
affect amount of
voluntary running

• Voluntary running
delayed and partially
prevented CIPN
• Voluntary running
reduced established
CIPN (mechanical
and cold allodynia)
• Voluntary running
did not alter
mechanical or cold
responsivity in non-
paclitaxel-treated
mice
• Voluntary running
reduced paclitaxel-
induced reductions in
cell hippocampal
proliferation (Ki67)
and also increased
cellular survival
(BrdU)
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related to neuronal dysfunction in CIPN [59]. In the second study, Slivicki et al.
randomized mice to a free access running wheel or no running wheel in three
different experiments: before paclitaxel, upon the onset of CIPN signs due to
paclitaxel, and after establishment of CIPN due to paclitaxel [60]. In all cases,
paclitaxel was delivered every other day for a total of 4 injections. They found that
voluntary running was beneficial under all conditions, both in delaying and partially
preventing CIPN signs, and in reducing established CIPN signs as measured by
mechanical and cold allodynia tests. The wheel running did not alter mechanical or
cold allodynia in non-paclitaxel treated mice. The voluntary running also had
beneficial effects on the brain, in terms of mitigating paclitaxel-induced reductions
in hippocampal neural proliferation and cell survival.

Taken together, these studies suggest that aerobic exercise (either mandatory or
voluntary) is helpful for preventing or reducing paclitaxel-induced CIPN signs and
related biomarkers. Given the number of human studies of exercise for CIPN, and
the large number of rodent studies of CIPN [20], it is surprising that there are only
two studies of exercise for CIPN in rodents.

Clearly, these two studies pave the way for future work in non-human animals to
evaluate different chemotherapy agents (e.g., oxaliplatin, bortezomib), exercise
doses, and mechanistic measures that are difficult to assess in humans, in order to
gain more insight into how exercise affects CIPN.

8.4 Human Studies on Exercise for CIPN (Table 8.2)

Our literature search identified 23 interventional studies of exercise that included a
measure of CIPN;1 details of these studies are provided in Table 8.2. First, we give a
broad overview of these studies, then delve into details of their methods and key
findings, with a focus on the randomized studies because their results provide the
strongest tests for the potential benefits or harms of exercise; finally we discuss a few
noteworthy studies in detail. The interventions studied included various modalities,
such as aerobic, resistance, balance, stretching, vibration therapy, yoga, and dance.
Fifteen of these studies were randomized and 8 were non-randomized. The control
conditions were typically usual care (10 studies) and in other cases were a different
exercise condition or a physical therapy condition that lacked the experimental

1We searched found studies in two ways: (1) PubMed search for (exercise[Title/Abstract] OR
exercises [Title/Abstract] OR yoga[title/abstract] OR “physical therapy” [Title/Abstract] OR “occu-
pational therapy” [Title/Abstract] OR “training”[Title/Abstract])AND (chemotherapy[Title/
Abstract] OR oxaliplatin [Title/Abstract] OR carboplatin[Title/Abstract] OR cisplatin[Title/
Abstract] OR paclitaxel[Title/Abstract] OR docetaxel[Title/Abstract] OR vincristine[Title/
Abstract] OR vinblastine[Title/Abstract] OR thalidomide[Title/Abstract] OR bortezomib [Title/
Abstract]) AND (neuropathy[Title/Abstract] OR allodynia[Title/Abstract] OR hyperalgesia[Title/
Abstract]), and (2) references to other studies within the published papers (which only revealed one
more study). We excluded studies that used passive devices for therapy (e.g., electrical nerve
stimulation, heat therapy, cryotherapy).
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component of interest (e.g., endurance training with vs. without whole-body vibra-
tion therapy). Eleven studies were designed for the treatment of existing CIPN,
7 studies for prevention of future CIPN (e.g., exercise starting before or with
neurotoxic chemotherapy), and 5 studies were mixed. Sample sizes ranged from
7 to 355 (mean � SD ¼ 69 � 93 patients). Nearly half of the publications (11 of 23)
were published in 2019 or 2020, illustrating that this is a very rapidly growing area of
research.

In terms of chemotherapy regimens, most (10) studies recruited patients receiving
various neurotoxic chemotherapy regimens, 5 studies focused on platinum-based
chemotherapy, 4 studies focused on taxane-based chemotherapy, 1 study focused on
combined taxane/platinum, and 1 study focused on vinca alkaloids. In terms of
cancer types, the majority of studies allowed any cancer type (13 studies), whereas
5 studies focused on breast cancer, 2 studies focused on gastrointestinal cancers, and
single studies focused on lung cancer, ovarian cancer, and lymphoma.

Details of Exercise Regimens There were several different exercise modalities
tested, including aerobic (11 studies), resistance (11 studies), balance/sensorimotor
(11 studies, e.g., tandem walk, standing on one foot, standing on unstable surfaces),
physical therapy (3 studies, e.g., stretching, nerve gliding, symptom management),
whole-body vibration (2 studies), yoga (2 studies), and dance (1 study). Many
studies used some combination of aerobic, resistance, and balance/sensorimotor
exercises. Most of the interventions were supervised (15 studies), and many were
home-based (7 studies) usually with an initial face-to-face instructional session, and
others were combined (1 study) or not specified (1 study). The length of the
interventions ranged from 4–36 weeks (mean � SD ¼ 11 � 8 weeks). The length
of the intervention was typically fixed but, in some studies, it matched the chemo-
therapy treatment and therefore could differ by patient. In terms of exercise
principles [36], nearly all studies followed baseline testing of abilities, some studies
used periodization (e.g., some type of progression over the weeks of the interven-
tion), and one study purposefully reduced the exercise dose following a chemother-
apy infusion (Bland et al., 2019 [61]).

CIPN Outcome Assessments The 23 studies utilized a wide range of outcomes,
which we grouped into five categories: patient-reported CIPN, clinical assessments
of CIPN, balance measures, physical function assessments, and chemotherapy
completion. First, 17 studies assessed patient-reported CIPN severity, e.g., using
the CIPN-20, FACT-GOG-Ntx, single-symptom numerical rating scales (NRS),
Brief Pain Inventory, or Fear of Falling neuropathy instruments. Second, 12 studies
used clinical assessments of CIPN signs such as vibration testing with a tuning fork
(also called peripheral deep sensitivity), quantitative sensory testing (e.g., tempera-
ture discrimination), nerve conduction, and composite measures such as the Total
Neuropathy Score (TNS;# Johns Hopkins University) modified or clinical version.
Third, 10 studies included balance measures such as using a force plate (center of
pressure, sway), timed standing on one leg, or the Berg Balance Scale. Fourth,
12 studies used physical functional assessments such as handgrip strength, standing
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vertical jump, maximum strength (1-rep max test for leg press or chest press),
chair-rising test, VO2max, or 6-min walk. Finally, 1 study assessed chemotherapy
completion.

Studies typically included multiple measures, with the average � SD number of
measures being 4.7 � 3.5 (range 1–15), and the number of categories of measures
(of the 5 indicated above) being 2.3 � 1.0 (range 1–4). On average, studies included
1.5 � 0.9 patient-reported measures of CIPN (range 1–4), 3.3 � 3.6 clinical
assessments of CIPN (range 1–13), 1.8 � 1.1 measures of balance (range 1–4),
and 2.1 � 1.4 measures of physical function (range 1–5). Because CIPN is not a
simple unitary phenomenon, it is important to include multiple measures of its
different signs and symptoms [21, 22], as nearly all these 23 exercise studies have
done. However, very few studies appeared to account for the chemotherapy dose
received, which is important to assess because differences in dose reductions across
intervention vs. control groups would likely yield differences in CIPN severity that
might mask intervention effects [62].

Results of ten randomized studies of exercise vs. non-exercise control
(Andersen Hammond et al. 2020 [63]; Bland et al. 2019 [61]; Clark et al. 2012
[64]; Dhawan et al. 2020 [65]; Kleckner et al. 2018 [66]; Schwenk et al. 2016 [67];
Streckmann et al. 2014 [68]; Stuecher et al. 2019 [69]; Vollmers et al. 2018 [70], and
Zimmer et al. 2018 [71]). These ten studies have the potential to suggest whether it is
better to exercise or not to treat or prevent CIPN, with the caveat that usual care
control groups do not account for non-specific intervention effects including patient
expectancy of benefit and behavioral artifacts (e.g., the Hawthorne effect) [72]. In
the following text, we place more emphasis on results from a study’s primary
outcome because those results are less likely to be biased if the primary outcome
is selected before data collection [73]. In contrast, results found with non-primary
outcomes have a greater risk for bias (e.g., false positive) because they might only be
published because they show a benefit of exercise on CIPN. Results from
non-primary outcomes are not necessarily incorrect but should be considered as
more hypothesis-generating results that can inform the design of more definitive
future studies [73].

We identified several randomized studies suggesting beneficial effects of
exercise vs. non-exercise control on CIPN symptom severity or functional balance
measure: 6 of those studies found benefits of exercise on the study’s primary
outcome (Andersen Hammond et al. 2020; Dhawan et al. 2020; Stuecher et al.
2019; Vollmers et al. 2018 and Zimmer et al. 2018) and 8 of those studies found
benefits of exercise on a non-primary outcome (Bland et al. 2019; Clark et al. 2012;
Kleckner et al. 2018; Schwenk et al. 2016; Streckmann et al. 2014 and Zimmer et al.
2018). Five studies found undetectable or no effects of exercise vs. non-exercise
control: 1 study on the primary outcome (Bland et al. 2019) and 4 studies on other
outcomes (Andersen Hammond et al. 2020; Schwenk et al. 2016; Stuecher et al.
2019 and Vollmers et al. 2018).

No randomized studies suggested that exercise was worse than non-exercise
control. Taken together, most studies found exercise to be beneficial compared to
no exercise, some studies found exercise to not be beneficial, with no studies finding
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exercise to be harmful. However, there is significant heterogeneity in exercise dose,
CIPN outcome measures, and populations studied, and the studies were not defini-
tive in nature (not large Phase III RCTs designed to assess CIPN).

Results of five randomized studies comparing different doses or modalities of
exercise (Courneya et al. 2014 [74]; Henke et al. 2014 [75]; Kneis et al. 2019 [76];
Schönsteiner et al. 2017 [77]; Streckmann et al. 2019 [78]). These five studies have
the potential to suggest which dose of exercise (frequency, intensity, type, duration)
is most beneficial for CIPN. First, in a study of 301 women with breast cancer,
Courneya et al. 2014, found that premenopausal, younger, and fitter patients
achieved benefit on CIPN from the higher-dose aerobic exercise interventions
compared to the lower-dose aerobic exercise intervention (60 min/
session vs. 30 min/session, both for 3 sessions/week for at least 12 weeks during
chemotherapy). These results suggest that exercise dose should be tailored to each
patient’s individual abilities. Second, Henke et al. (2014) found that adding resis-
tance training to standard physiotherapy (endurance training, breathing exercises,
and manual therapy) improved patient-reported neuropathy severity and physical
function (6-min walk test, strength, etc.) in 29 patients with lung cancer during
platinum-based chemotherapy. These results suggest that resistance training can be
additionally beneficial on top of existing endurance training. Third, Kneis et al.
(2019) found that adding balance training to an endurance training program did not
affect measures of balance and eliminated the beneficial effects on a sign of CIPN
(vibration sensation) and physical function (jump height) in 41 patients with CIPN.
These results suggest that the balance training was not rigorous enough or that the
endurance training already elicited beneficial effects on balance, and perhaps that the
dual-modality exercise intervention is asking too much of participants. The latter
suggestion is consistent with a recent meta-analysis of exercise for cancer-related
fatigue suggesting that exercise alone and psychological interventions alone are each
more effective than the combination of exercise plus psychological interventions
[47]. Fourth, Schönsteiner et al. (2017) reported that adding whole-body vibration
therapy to an integrated program (massage, mobilization, physical exercises)
improved physical function (chair-rising test) and CIPN signs from quantitative
sensory testing, with no significant effects on patient-reported CIPN severity in
131 patients with CIPN. Finally, Streckmann et al. (2019) compared sensorimotor
(balance) training to whole-body vibration training to an oncological control group
as well as to healthy age- and gender-matched controls, for reference values in a total
of 40 individuals. They found that both exercise conditions improved CIPN but that
sensorimotor training was better for improving tendon reflexes, peripheral deep
sensitivity (i.e., vibration sensitivity), and patient-reported CIPN severity, whereas
whole-body vibration training was better for improving pain.

Taken together, these results suggest that some exercise modalities are better than
others for treating certain symptoms of CIPN (e.g., pain, vibration sensitivity),
sometimes (but not always) adding more exercise modalities can be additionally
beneficial, and that the dose of exercise that best treats CIPN may depend on the
individual’s baseline fitness level or other factors.
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Results of eight non-randomized studies (Cammisuli et al. 2016; Fernandes
et al. 2016; Galantino et al. 2019; Kneis et al. 2020; McCrary et al. 2019;
Moonsammy et al. 2013; Wonders et al. 2013; Worthen-Chaudhari et al. 2019).
These studies have the potential to suggest feasibility and provide qualitative
feedback on novel exercise interventions or populations. Results from these types
of studies are critical to help optimize interventions and provide pilot data to obtain
future funding for subsequent randomized trials. However, because these studies
lack randomization it is not possible to attribute any changes in CIPN to the exercise
interventions themselves. These studies suggest the feasibility of seldom-used phys-
ical activity modalities for CIPN such as combined yoga/meditation, partnered
Tango, and combined aerobic exercise, resistance exercise, and cognitive behavioral
therapy, as well as various combinations of balance, aerobic, and strength training.
The partnered Tango intervention by Worthen-Chaudhari et al. (2019) is particularly
interesting because dance is a form of physical activity or exercise that strongly
leverages psychosocial mechanisms—namely, dance can be incredibly fun, socially
oriented, and culturally relevant, thereby increasing adherence. Indeed, Worthen-
Chaudhari et al. found greater adherence by patients who attended with a compan-
ion. These types of findings are important to help broaden our understanding and
optimization of the use of exercise.

Results on Predictors of the Effects of Exercise on CIPN Three studies included
data suggesting factors that moderate the effects of exercise on CIPN. First,
Courneya et al. (2014) found that healthy weight patients had greater reductions in
CIPN from the higher-dose exercise interventions than overweight/obese patients in
a study of 301 women with breast cancer during chemotherapy. Second, Kleckner
et al. (2018) found that exercise reduced CIPN symptoms more for patients who
were older or had breast cancer (compared to other cancer types, primarily colorec-
tal) in 355 patients receiving chemotherapy (mostly breast cancer patients). Third,
Schwenk et al. (2016) reported that patients with worse baseline balance, fear of
falling, or CIPN (numbness in feet, pain) showed greater improvements in balance in
22 patients with CIPN (mixed cancer types). Typically, these types of moderating
analyses require larger sample sizes and are simply exploratory analyses that are
hypothesis-generating and require tests for replication in future studies. However,
the Courneya and Kleckner studies both invite the same hypothesis that lower doses
of exercise are effective for patients who are older, whereas younger, fitter patients
require or can tolerate a higher dose of exercise to better reduce CIPN.

Highlighting Key Studies in Detail Next, we focus in on three separate studies to
see results, strengths, and limitations considering published recommendations for
the design of CIPN clinical trials [62] and principles of exercise interventions
[36]. We hope this provides the reader with an idea of how to interpret the primary
literature of exercise for CIPN with three examples: (1) a smaller non-randomized
study, (2) a larger randomized study that is exploratory, and (3) a smaller
randomized study comparing multiple exercise interventions.
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Highlighted Study 1. McCrary et al. (2019) [79] Design. This is a
non-randomized study conducted in Sydney, Australia, using supervised and
home-based exercise in 29 patients with CIPN at least 3 months post-treatment
with a mixed patient population including multiple neurotoxic chemotherapy types.
The exercise included resistance training (8 upper- and lower-body exercises),
balance (tandem walk, single leg standing, etc.), and cardiovascular training (walk-
ing or cycling) at a moderate intensity (rating of perceived exertion [RPE] 13–15 out
of 20) for a total of 1 h/session, 3 sessions/week for 8 weeks (half of the sessions
were supervised, half were home-based). Although this study is not randomized, it
used an 8-week control period before the intervention. Patients were assessed
3 times: at baseline (0 weeks), pre-intervention (8 weeks), and post-intervention
(16 weeks) using a wide array of outcomes including clinical assessments of CIPN
(primary outcome: TNS-clinical version TNSc), neurophysiological measures
(nerve conduction and excitability studies), patient-reported CIPN (CIPN-20,
CIPN R-ODS, and SF36 QoL), functional tests (6-min walk, five times sit-to-
stand), balance tests (postural sway). Results. Adherence was good, at 83% (98%
for supervised, 67% for home-based). The exercise appeared to improve CIPN
severity because it decreased from pre- to post- intervention (TNSc p ¼ 0.001)
with no significant change in the control period. Many of the other outcomes were
improved as well from pre- to post-intervention (with no significant changes in the
control period) including patient-reported CIPN severity and balance, but there were
no observed changes in neurophysiological outcomes. Strengths. The major
strengths of this study include the use of a wide range of CIPN outcome measures,
the combined supervised plus home-based exercise program, and the heterogeneous
sample. These are very useful design features for a smaller Phase I study to investi-
gate which outcomes show the greatest sensitivity to change, the number and type of
outcome measures patients are willing to complete, how patients adhere to and enjoy
the intervention and, by recruiting a diverse sample, how to improve the next study
to fit the needs of a diverse group of patients. Limitations. The major limitations of
this study are its non-randomized nature and small sample size, but these limitations
are appropriate for a study of this type (i.e., a pilot or Phase I study). Indeed, larger
sample sizes or randomization might be considered an inappropriate use of resources
at this phase because it limits the number of patients who receive the experimental
intervention, thus limiting the possibility for patient feedback on that intervention.
The use of a non-exercise control period before the intervention is a good way to
allow all patients to receive the intervention while obtaining an estimate of the
effects of exercise vs. no exercise. Overall impression. This study suggests that
8 weeks of combined supervised plus at-home resistance, balance, and cardiovascu-
lar exercise is beneficial for the treatment of CIPN assessed in multiple ways and sets
the stage for a larger follow-up Phase II randomized study, which is currently
ongoing (Goldstein & Park, ACTRN12618001422213; Table 8.3).

Highlighted Study 2. Kleckner et al. (2018) [66] Design. This is a 2-arm
randomized study conducted across 20 sites in the United States using home-based
exercise compared to usual care in 355 patients starting neurotoxic chemotherapy
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(mostly taxane chemotherapy for breast cancer). This study is an exploratory
secondary analysis in that the parent trial was designed to study fatigue, not CIPN.
The exercise intervention involved a face-to-face meeting to train the participant in
how to conduct the exercise intervention, including assessment of baseline physical
activity (daily steps), a plan to complete low-moderate intensity walking each day,
and a plan to increase daily steps by 5–20% per week (patient’s choice). There were
also 16 upper- and lower-body resistance band exercises, a plan to complete these
exercises each day at a moderate intensity, and the patient was instructed to increase
reps, sets, and resistance levels over the weeks of the intervention. Patients were
assessed two times: pre-intervention and post-intervention (6 weeks) using two
patient-reported outcomes of CIPN severity: 0–10 ratings of numbness/tingling
and hot/coldness in hands/feet. Results. Adherence to the intervention was moder-
ate, with 77% of patients performing some resistance training, which was done on
average every other day (not every day as instructed). The increase in daily steps by
exercisers was moderate, increasing by 649 steps/day vs. controls who decreased by
129 steps/day on average. Exercise reduced CIPN symptoms of hot/coldness in
hands/feet (�0.46 units, p ¼ 0.045) and numbness and tingling (�0.42 units,
p ¼ 0.061) compared to the control. These were small effect sizes of approximately
0.2 [80]. In addition, exercise reduced CIPN symptoms more for patients who were
older ( p¼ 0.086), male ( p¼ 0.028), or had breast cancer compared to other cancers
( p ¼ 0.076). Strengths. The greatest strengths of this study are its large sample size
(355 patients) and its multi-site nature, allowing generalizability to geographically
distinct locations in the United States. Due to the large size, the study was also able
to explore individual differences that might moderate the effectiveness of exercise on
CIPN. Limitations. The biggest limitations of this study are that it is an exploratory
secondary analysis (the original study was designed to assess fatigue), the limited
rigor in assessment of CIPN (only two single-item ratings of CIPN symptoms), and
the mild dose of walking exercise delivered (although resistance exercise dose was
good, at 3 sessions/week). Overall impression. This study suggests that 6 weeks of
home-based walking and resistance exercise during neurotoxic chemotherapy par-
tially attenuates the severity of CIPN. Because this is an exploratory secondary
analysis (i.e., the study was not designed to assess CIPN), it sets the stage for a
follow-up Phase I or II randomized study using the same intervention, which is
ongoing (Kleckner entries in Table 8.3).

Highlight Study 3. Streckmann et al. 2019 [78] Design. In this 4-armed
randomized, controlled, assessor-blinded trial (N ¼ 40), Streckmann et al. compared
sensorimotor training (N ¼ 10) and whole-body vibration training (N ¼ 10) to an
oncological control group (N ¼ 10) as well as a healthy age- and gender-matched
control group for reference values (N ¼ 10). The primary study aim was to analyze
the potential of neuromuscular stimulating exercise interventions for the reduction of
CIPN signs and symptoms, including peripheral deep sensitivity, Achilles tendon
reflex (ASR), patellar tendon reflex (PSR), light-touch perception, sense of position,
and lower leg strength. The secondary endpoints were nerve conduction velocity and
amplitude, balance control, quality of life, and CIPN-related pain. The intervention
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groups exercised twice a week for 6 weeks. Results. Patients exercising improved
sensory and associated motor symptoms. Significant intergroup differences were
found for the tendon reflexes (ASR p ¼ 0.017 and PSR p ¼ 0.020), peripheral deep
sensitivity ( p ¼ 0.010), and pain ( p ¼ 0.043). Furthermore, tendencies were found
regarding the subjective improvement of symptoms ( p ¼ 0.075) and two subscales
of the EORTC-QLQ-C30 questionnaire: pain ( p¼ 0.054) and dyspnea ( p¼ 0.054).
Interestingly, the results were symptom-specific: the sensorimotor training group
was superior regarding the tendon reflexes with a tendency towards improvements in
the subjective report of symptoms, while whole-body vibration was superior regard-
ing the reduction of pain. Strengths. The major strengths of this study are that it
compares multiple exercise modalities, suggesting that specific exercises can target
specific CIPN signs and symptoms, and that it used a wide array of CIPN outcome
measures. Next, the study achieved high exercise compliance (97.5%) with no
adverse events. Indeed, the exercises are feasible, with low intensity though high
impact, ideal for oncological patients in all phases of therapy, and the sensorimotor
exercises can furthermore be integrated into daily living at home with little effort and
minimal cost. Limitations. Due to the small sample size, results should be consid-
ered exploratory. Due to the heterogenous sample (taxane, platinum, and vinca-
alkaloid chemotherapies), study design was challenging as it had to be feasible for
patients exhibiting very different performance levels. Overall impression. The
results suggest that specific exercises (sensorimotor and whole-body vibration)
may reduce CIPN-related symptoms and are likely feasible and safe. It sets the
stage for larger and more definitive follow-up studies, which are ongoing
(Streckmann entries in Table 8.3).

Summary of all Existing Studies The literature on exercise for CIPN contains
23 studies, including 15 randomized studies (10 comparing exercise vs. non-exercise
control) that collectively suggest that exercise is beneficial for the treatment and
prevention of CIPN with little to no side effects. However, these studies tend to be
either rigorous yet small or large yet simple and exploratory. Future work needs to
build up with larger rigorous studies, and ultimately move towards more definitive
Phase III studies, as there are currently none published. That said, exercise is among
the most promising options for treatment and prevention of CIPN.

8.4.1 Ongoing and Forthcoming Pre-Registered Studies of Exercise
and CIPN (Table 8.3)

We searched Clinicaltrials.gov, the European Union (EU) Clinical Trials Register,
the Australian New Zealand Clinical Trials Registry, and published protocols2 plus
word-of-mouth to get a sense of forthcoming studies. Although this is not an

2We searched for: exercise OR “physical therapy” OR “occupational therapy” OR “training” |
chemotherapy neuropathy.
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exhaustive search of pre-registered studies, Clinicaltrials.gov is one of if not the most
popular pre-registration databases for clinical trials. Overall, we found 19 studies
registered (Table 8.3), with 9 completed, 6 recruiting, 2 terminated early due to low
accrual, 1 in regulatory review, and 1 planned. There are 17 randomized studies and
2 non-randomized, with 10 studies for treatment and 9 studies for prevention of
CIPN. Sample sizes range from 6 to 159 with mean � SD ¼ 63 � 48. These are
generally smaller- to medium-sized studies (likely Phase I and Phase II studies) with
13 of 19 having a sample size �60, whereas 5 studies have at least 96 patients. It is
promising to see so many pre-registered studies, as this adds to the rigor of this field
of research and helps avoid redundancy for investigators planning new studies. The
field is clearly moving forward, with larger studies and most being randomized
studies testing existing interventions, helping to delve deeper into that line of work.
There are no Phase III RCTs currently registered. Phase III RCTs will likely be
planned in the next few years after completion of additional larger Phase II RCTs.

8.5 Mechanisms of How Exercise May Prevent or Treat CIPN

In addition to identifying whether and what dose of exercise might treat or prevent
CIPN, we believe it is critical to understand how exercise affects CIPN. Mechanistic
knowledge can help optimize the use of exercise to best treat CIPN in several ways,
such as (1) optimizing exercise dose given a patient’s individual characteristics (e.g.,
particular CIPN symptoms, fitness, preferences), (2) development of biomarkers to
diagnose CIPN at earlier timepoints and track the patient’s response to exercise, and
(3) exploiting psychosocial mechanisms to reduce CIPN and improve exercise
adherence. Although a detailed discussion of neurophysiological and psychosocial
mechanisms is beyond the scope of this chapter, we briefly review key potential
mechanisms based on studies of exercise for CIPN, for other types of neuropathy,
and for healthy individuals.

Neurophysiological Mechanisms Through Which Exercise Might Affect CIPN
(Fig. 8.1) Exercise produces benefits across multiple types of nerve injury [42] and
through a range of mechanisms at different levels of analysis including molecular,
subcellular, cellular, and neural circuits, and whole nervous system. Therefore, there
may not be one predominant mechanism underlying its efficacy and these distinct
effects might work synergistically to improve CIPN symptoms. First, exercise
protects against axonal degeneration as shown in several studies in mice with
CIPN [59] or other nerve injuries [81–84]. In humans, including patient with
diabetes, studies have shown exercise-induced improvements in neuronal health
including intraepidermal nerve fiber density [85] or other more subtle measures
[86, 87]. Second, exercise increases expression of neurotrophic factors such as
GDNF, BDNF, and IGF-1 [88]. However, upregulation of neurotrophic factors
is not solely associated with nerve regeneration, and may also be associated
with neuropathic pain and its maintenance [89]. Third, exercise has potent
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anti-inflammatory effects on the body [90] that have been implicated in the treatment
of CIPN [91, 92]. Indeed, contracting muscles release pro-inflammatory IL-6 [93],
which causes an increase in anti-inflammatory IL-10 and IL-1RA [94], and chronic
exercise has been shown to reduce markers of inflammation in patients receiving
chemotherapy [95] as well as animal models of nerve injury, involving the BMP-7
transcription pathway [96], increased IL-10, reduced IL-6 [97], and reduced TNFα
[83, 97]. Fourth, exercise has beneficial effects on mitochondria—such as BDNF-
induced mitochondrial biogenesis and increasing the nervous system’s anti-oxidant
capacity [98]—and mitochondrial dysfunction and oxidation have been implicated
in the pathophysiology of CIPN [99–101] (Fig. 8.1).

Many of these effects of exercise occur not only in the periphery but also in the
brain, as exercise can improve mitochondrial function in the brain [98], increase
neurogenesis in the brain [60], enhance the brain’s descending inhibition of pain
[102], and affect regulation of neurotransmitters such as serotonin and norepineph-
rine/noradrenaline [103], which are pharmacological targets for treating neuropathic
pain [104, 105]. At a higher level of analysis, exercise also improves interoception,
which is the process by which the nervous system processes and represents the
physiological condition of the body [106]. Interoception is supported by large-scale
brain networks involving the thalamus, insula, somatosensory cortex, anterior cin-
gulate cortex, amygdala, hippocampus, and periaqueductal gray, among other
regions [107]. Interoception is important for CIPN because it is a core process in
how mental states—including symptoms that patients report—emerge from bodily
sensations [108]; when neurotoxic chemotherapy alters peripheral input to the brain,
interoception can be compromised due to unexpected and noisy peripheral signals
that inhibit the brain’s ability to predict and therefore regulate or control its current
neurophysiological and neuromuscular states. Exercise might improve interoception
because it recruits interoceptive circuitry per increased functional connectivity
between the insula and the amygdala [109], functional connectivity between the
insula and the thalamus [110], and blood flow in the insula [111].

Building on the idea of how exercise treats CIPN by way of improving
interoception, the total effects of exercise on the entire neuraxis can help explain
how patients experience their own bodies and navigate their environment through
routine yet complex motor tasks such as walking. Indeed, the function
(or dysfunction) of the entire neuraxis will result in some degree of postural stability
(or instability), especially with limited visual input or on unpredictable or unstable
surfaces where individuals need to rely more on internal bodily cues (i.e.,
interoception and proprioception). Additionally, one CIPN exercise study found
that exercise training helps patients regain balance by emphasizing proprioceptive
information rather than vestibular information [74]. Through repeated exercise
stimulation, the entire nervous system undergoes changes to better learn how to
process peripheral input and move the body in a coordinated, predictable, and
desired way [112]; we hypothesize that exercise can facilitate this type of adaptive
learning despite noisy peripheral inputs resulting from neurotoxicity.

8 Systematic Review of Exercise for Prevention and Management of. . . 229



Fi
g
.8

.1
E
xe
rc
is
e
m
ig
ht

tr
ea
t
or

pr
ev
en
t
C
IP
N
vi
a
ef
fe
ct
s
on

th
e
pe
ri
ph

er
al
ne
rv
ou

s
sy
st
em

,t
he

ce
nt
ra
l
ne
rv
ou

s
sy
st
em

,a
nd

ps
yc
ho

so
ci
al
pr
oc
es
se
s

230 I. R. Kleckner et al.



Psychosocial Mechanisms Through Which Exercise Might
Affect CIPN Although there is little research on psychosocial aspects of exercise
and CIPN, we hypothesize that exercise may exert its effects on CIPN through a
wide array of psychosocial processes [113] including but not limited to: (1) improv-
ing mood, anxiety, and depression [113–115], as they relate to symptoms of CIPN
such as pain [116] and their improvement can alleviate pain [117]; (2) increasing
social support if exercise is done with a partner or trainer [118], as social support can
reduce depression and inflammation [119], thereby reducing CIPN symptom sever-
ity; (3) increasing self-efficacy (i.e., the belief that one can accomplish a specific
goal; [120, 121]), thereby helping patients experience less stress in response to
challenging situations and discomfort; (4) providing an expectation of benefit
[122], including a placebo response, which is a valid and potentially powerful
psychosocial-level mechanism for treating symptoms (while also being a key factor
that should be accounted for in research) [122]; and (5) identifying strategies to cope
with existing symptoms (e.g., finding more stable and comfortable shoes).

Summary of Mechanisms Altogether, these neurophysiological and psychosocial
effects of exercise have bidirectional causal relationships that explain how exercise
can influence CIPN signs and symptoms. It is likely that not just one or two
mechanisms are important, but rather that to understand CIPN we must understand
the many simultaneous and interacting mechanisms at different levels of analysis:
from molecular through the whole neuraxis to psychosocial and perhaps the
healthcare system.

8.6 Conclusions and Future Work

Taken together, there is a very rapidly growing preliminary body of research
suggesting that exercise can help to both treat and prevent CIPN. However, these
studies are Phase I or Phase II (small to moderate sample size, not definitive in
nature; [123]), with much heterogeneity across studies in terms of exercise dose,
CIPN outcome measures, and patient populations. Therefore, exercise is not part of
current evidenced-based guideline recommendations for CIPN [25].

However, exercise and physical therapy may help patients with CIPN if they are
referred to a qualified exercise professional. We envision several avenues for future
research, including more definitive answers to whether exercise is beneficial, what
dose of exercise is needed, and how it exerts its effects mechanistically. To rigor-
ously advance the body of research studying the effects of exercise on CIPN, we
believe these questions should be investigated using preclinical models, tightly
controlled clinical trials (e.g., at academic medical centers), and pragmatic real-
world trials (e.g., at a variety of community sites).

First, we need more definitive knowledge on whether exercise can treat CIPN by
way of larger and more definitive studies, including the first Phase III study of
exercise for the treatment of CIPN and for the prevention of CIPN, and eventually
Phase IV and V studies [123]. We also need additional Phase II and III studies with
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different populations spanning different neurotoxic chemotherapy agents (taxanes,
platinums, vinca alkaloids, etc.) as they have distinct pathophysiology and might
respond differently to exercise. Moreover, to best compare results across future
studies and support future meta-analyses, it would help if researchers agreed to a
standard minimal set of CIPN outcome measures—which patient-reported
outcomes, which clinical reported outcomes, and how to conduct those
measures [62].

Second, and simultaneously, we need to understand what dose of exercise is
needed in terms of frequency, intensity, type, duration, and timing. Our review
reveals a wide range of exercise modalities including aerobic (walking, cycling),
resistance (bands, machines, free weights), sensorimotor, balance, stretching, yoga,
dance, etc., and those modalities have distinct effects on the signs and symptoms of
CIPN likely due to distinct mechanisms of action. As this research direction
continues, we need to systematically consider these factors to identify how to best
use exercise to help treat or prevent CIPN. This will require Phase II and III RCTs
that randomize patients to one of multiple exercise doses.

Third, we need to understand how exercise exerts its effects from a
biopsychosocial perspective in terms of neurotrophic growth factors, inflammation,
oxidation, effects on the peripheral vs. central nervous system, and both exploiting
and accounting for psychosocial mechanisms such as improving mood, social
support, self-efficacy, and expectation of benefit. This knowledge, combined with
detailed mechanistic insight of an individual patient’s CIPN phenotype, can help
match patients to the right type and dose of exercise to best treat or prevent CIPN and
to maximize adherence to exercise. This is analogous to proposals for mechanism-
based classification of a patient’s pain for prescribing physical therapy [124–126] or
mechanistic-based classification of a patient’s cancer-related cardiovascular
toxicity [48].

Fourth, it will be essential to translate this knowledge into pragmatic and real-
world studies of exercise for the treatment or prevention of CIPN (i.e., Phase IV and
V studies; [123]). Indeed, the majority of exercise CIPN studies are conducted at
academic medical centers even though the majority of patients with cancer are
treated in community oncology clinics [127]. When translating exercise into broader
populations, it will be important to help make exercise sustainable (to maintain long-
term adherence), accessible (perhaps combinations of supervised and unsupervised
training using videos, an app, or a website), easy to disseminate (for clinicians
making referrals), cost-effective, and appealing for patients of various ages, cultures,
socioeconomic levels, physical abilities, etc. Indeed, exercise must be adapted and
validated in more heterogeneous populations and less-well-controlled populations. If
exercise is proven useful for CIPN, its role may be simultaneous with duloxetine and
other potential treatments for CIPN, and in patients who have complex medical
histories including comorbidities and health behaviors that contribute to neuropathy
such as diabetes, vascular disease, alcohol consumption, smoking, etc. Therefore,
future work should also explore multimodal therapies for CIPN, such as exercise
plus duloxetine, exercise plus electrical stimulation, or exercise plus nutrition
interventions to hasten adaptations to exercise. In conclusion, research on exercise
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for the treatment and prevention of CIPN is a rapidly growing area of work, with an
immense potential benefit for patients. We are optimistic for the trajectory of this
work including seeking definitive answers to whether exercise is beneficial, what
dose of exercise is needed, how it exerts its effects mechanistically, and how to best
disseminate exercise to patients in the real world.
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Clinical and Practical Recommendations
in the Use of Exercise, Physical Therapy,
and Occupational Therapy
for Chemotherapy-Induced Peripheral
Neuropathy

9
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Abstract

Chemotherapy-induced peripheral neuropathy (CIPN) is a highly prevalent,
severe, and dose-limiting toxicity of several chemotherapy regimens for the
treatment of multiple cancers including lung, breast, prostate, gastrointestinal,
blood, and others. Patients with CIPN may experience numbness, tingling, pain,
and cramping in the hands and feet, as well as problems with balance and gait that
increase the risk of falls, reduce physical function, and hinder activities of daily
living. At this point there are extremely limited treatment options for CIPN.
Fortunately, a growing body of preliminary evidence suggests that exercise,
physical therapy, and occupational therapy may help prevent, treat, and manage
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CIPN. Although there is not definitive evidence for the benefits of exercise on
CIPN due to lack of Phase III randomized controlled trials, exercise is generally
helpful in the cancer treatment continuum and poses low risk for patients with the
help of a qualified professional. Therefore, we present clinical suggestions in the
use of exercise for CIPN, including assessments of patient risk factors and other
considerations. We conclude with an example exercise prescription that a quali-
fied exercise professional can adapt for the specific needs, risks, and abilities of
each individual patient.

Keywords

Exercise · Physical therapy · Occupational therapy · Chemotherapy · Neuropathy ·
CIPN · Clinical

9.1 Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a severe toxicity that occurs
in 58–78% of patients on average [1] receiving platinum-based agents (oxaliplatin,
cisplatin, carboplatin), taxanes (paclitaxel, docetaxel), vinca alkaloids, bortezomib,
and thalidomide analogs [2, 3], as well as certain immunotherapies [4]. These drugs
are used to treat lung, breast, prostate, gastrointestinal, cervical, ovarian, testicular,
blood, bone marrow, and other cancers. CIPN can involve acute signs and symptoms
that present in the hours and days after an infusion [5–7] and can last for years after
completion of chemotherapy [8, 9]. CIPN is a dose-limiting toxicity, meaning that it
gives cause to lower chemotherapy doses or terminate it altogether [10], which may
compromise anti-cancer treatment [11]. CIPN is also stressful on the healthcare
system—medical claims data suggest that CIPN is under-diagnosed [12] and that
patients with CIPN typically require 12 more outpatient visits, 3 more hospital days,
and $17,000 USD more in medical expenses than matched patients without CIPN
[13]. The symptoms of CIPN occur in a stocking-glove distribution (hands and feet)
with some combination of numbness, tingling, shooting or stabbing pains, burning
pain, cramping, and hypersensitivity to cold [3, 14]. The consequences of CIPN
include loss of tactile or vibration sensitivity, walking gait and balance problems
(i.e., postural instability; especially with eyes closed) [15, 16], increased risk of falls
[17, 18], compromised participation in activities of daily living (e.g., walking,
texting, writing, buttoning clothes), and, in rare cases, damage to the autonomic
nervous system leading to impaired organ function (e.g., orthostatic
hypotension) [3].

The 2020 American Society for Clinical Oncology (ASCO) Guidelines for CIPN
concluded no recommended methods to prevent CIPN, and only one established
method to treat CIPN: a moderate recommendation of the drug duloxetine to treat
CIPN-related pain [19]. There are no recommended supplements, integrative
therapies [20], devices, or behavioral interventions for CIPN [19] due to lack of
multiple definitive Phase III randomized controlled trials (RCTs). Therefore,
research on promising treatments for CIPN is a high-priority area of inquiry to
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ultimately identify and optimize additional treatments for CIPN [21]. One of the
most promising treatments for CIPN is exercise, as shown by a growing body of
studies [22–24]. At this point, no recommendations can be made on the use of
exercise for the treatment or prevention of CIPN due to lack of larger and more
definitive studies that would confirm efficacy and clarify risks [19].

However, exercise is generally helpful in the cancer treatment continuum and
poses low risk for patients with the help of a qualified professional [25–28]. For
CIPN, many patients already take on self-management using exercise and other
strategies [29]. Although some clinicians consider exercise and physical therapy as
part of CIPN symptom management [16], prior research has shown that few patients
are referred to physical therapy during or after treatment [30]. The lack of referrals
misses a critical window of opportunity given the potential preventive effect of
exercise on CIPN as well as other toxicities (e.g., fatigue, distress) [28]. Indeed,
exercise should be recommended at diagnosis rather than waiting until CIPN
symptoms appear [28].

Given the inconsistent use of exercise for CIPN management, and the lack of
Phase III randomized controlled trials indicating definitive benefits of specific
exercise programs, it may be challenging for patients, clinicians, and exercise
professionals (including physical therapists and occupational therapists) to have a
starting point for an exercise program that may treat or prevent CIPN.

In this chapter, we provide general recommendations for the use of exercise for
the prevention and treatment of CIPN. We begin with basic definitions of key
exercise-related terms and principles. We present clinical considerations for
assessing patient risks before starting an exercise program. Then we provide a
suggested exercise program that should be tailored to each individual patient by a
qualified exercise professional. We conclude with the likely future trajectory of the
use of exercise for CIPN.

9.2 Features of an Exercise Program and Definitions
of Key Terms

This chapter considers the roles of physical activity, exercise, physical therapy, and
occupational therapy, which are related but distinct terms and approaches (see
definitions in Table 9.1). Here we focus on the term exercise as this reflects the
types of interventions used in most studies on treating CIPN using exercise and
related interventions (physical therapy, occupational therapy, etc.) [24]. In studies or
prescriptions of exercise, it is important to consider the dose, which comprises the
frequency, intensity, type, and duration (definitions in Table 9.1).

The appropriate dose of exercise for treating CIPN can be determined by consid-
ering principles of exercise training including (1) specificity, (2) progression,
(3) overload, (4) initial values, (5) diminishing returns, and (6) reversibility
[33]. Typically, dose is progressively increased over several weeks and may be
periodized into cycles of higher doses (a larger stimulus to ultimately drive physio-
logical adaptation) alternated with lower doses to overcome training adaptation
barriers (i.e., the principle of diminishing returns).
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9.3 Clinical and Practical Suggestions for Using Exercise
for CIPN

After having identified signs and symptoms of CIPN via routine screening or by
asking the patient, yet prior to referral for an exercise program, patients should be
screened for risk factors that impact what type of exercise program might be most
appropriate. Routine cardiac screening is not necessary in the absence of a high risk
history as defined by the American College of Sports Medicine (ACSM)
[34, 35]. However, patients with exposure to hormone therapy should be screened
for osteopenia/osteoporosis and fracture risk should be evaluated in patients with
bone metastases [25]. Clinicians can then make a referral to a qualified exercise
instructor or physical therapist.

A physical therapist can prescribe a safe set of exercises to improve strength,
mobility, and reduce risk of falls. An evaluation for assistive devices in patients with
significant mobility issues can also help ensure patient safety as CIPN may increase
risk of falls or dropping objects. Interventions to engage patients in a regimen of
physical activity are particularly important in patients who may also have weight
loss, cachexia, fatigue, osteoporosis/osteopenia, and chronic hospitalizations leading
to deconditioning [28, 36]. Patients with more severe symptoms may require
exercises that do not rely on balance such as use of a stationary bike [37].

Table 9.1 Key terminology in the use of exercise and related interventions

Term Definition

Physical activity Any bodily movement produced by skeletal muscles that results in energy
expenditure. Physical activity can be categorized into occupational, sports,
conditioning, household, or other activities [31].

Exercise Subset of physical activity that is planned, structured, and repetitive and has
as a final or an intermediate objective to improve or maintain physical
fitness [31].

Physical therapy A branch of passive rehabilitative measures (e.g., manual therapy, massage,
traction, ultrasound, electrical stimulation) to help patients regain or improve
their physical abilities

Occupational
therapy

Treatments that help people with injuries do what they want and need to do
via therapeutic use of daily activities, thus enabling patients to live life to its
fullest, including activities of daily living in the occupational, recreational,
and household setting (American Occupational Therapy Association).

Exercise dose Dose is comprised of four key features, sometimes referred to by the acronym
FITT [26, 32]
• Frequency—How often an exercise session is performed (e.g., 3 sessions
per week).
• Intensity—Based on percent maximum heart rate, percent maximum force
production, or perceived exertion.
• Type—The broad class of movements, methods, and energy systems
utilized (e.g., aerobic, resistance, mixed).
• Time or duration—How long each exercise session lasts (e.g., in minutes).
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Local community support groups sometimes can direct patients to exercise
facilities and trainers that may have experience in working with patients with cancer
or neurologic disabilities. In addition, qualified exercise professionals and their
programs can be found worldwide through the Exercise Program Registry (https://
www.exerciseismedicine.org/support_page.php/moving-through-cancer/) of the
Moving through Cancer Initiative of the ACSM. However, in some locations this
is not available, so patients and clinicians are left without the ability to make
connections with exercise professionals.

9.4 Example Exercise Program

Table 9.2 provides a suggestion of an exercise program but it must be adapted to the
individual patient by a qualified professional (i.e., exercise physiologist, trainer,
physical therapist, occupational therapist) depending on the patient’s abilities, goals,
symptoms, and risks. Indeed, based on the current status of knowledge, it is not
possible to provide detailed training recommendations regarding frequency, inten-
sity, type, or duration. Our suggestions begin with the ACSM guidelines, which
indicate that patients with cancer start with a small amount of exercise and slowly
build to up to 150 min/week of moderate-intensity aerobic exercise, or 75 min/week
of vigorous intensity exercise, combined with 2–3 sessions/week of strength training
across all major muscle groups, plus regular stretching [27]. We also considered
published recommendations on the use of whole-body vibration training [38]. We
emphasize the idea of an inverted-U association between exercise dose and exercise
response [39] (i.e., a moderate dose and slow progression of exercise is best to avoid
over-training). From there, we drew from the published literature and our
experiences working with patients. An exercise intervention designed for patients
with CIPN can vary depending on the patient’s specific signs and symptoms. In other
words, different exercise modalities might influence different CIPN signs and
symptoms. For example, sensory symptoms in the feet seem to be prevented or
reduced by sensorimotor exercise training, resistance training, as well as by multi-
modal approaches (combination of sensorimotor, resistance, and endurance).
Regarding CIPN-associated functional limitations, sensorimotor training seems to
improve postural control (including balance), while resistance training is effective
for muscular strength. Therefore, to treat or prevent as many symptoms of CIPN as
possible it is advisable to recommend a multimodal training approach consisting of
at least sensorimotor and resistance training plus specific exercises for the hands.
Training sessions requiring high levels of coordination and risk (e.g., elevated
balance tasks) should be performed in a supervised setting initially and can then
slowly be transferred into a non-supervised setting. Exercise with a lower demand
can be done with patients unsupervised after a training session by a qualified instruc-
tor. The stability of the foot is also crucial for patients to feel secure enough to do other
exercises; therefore, patients with balance loss, foot drop, or absent reflexes should be
recommended to work on stability in the feet and lower extremities first, to give them
security and confidence to be more active again in general.

9 Clinical and Practical Recommendations in the Use of Exercise, Physical. . . 247

https://www.exerciseismedicine.org/support_page.php/moving-through-cancer/
https://www.exerciseismedicine.org/support_page.php/moving-through-cancer/


Ta
b
le

9.
2

S
ug

ge
st
io
n
fo
ra
n
ex
am

pl
e
ex
er
ci
se

pr
og

ra
m
fo
rp

at
ie
nt
s
w
ith

ca
nc
er
in
th
e
tr
ea
tm

en
to
rp

re
ve
nt
io
n
of

C
IP
N
to
be

ad
ap
te
d
by

a
qu

al
ifi
ed

pr
of
es
si
on

al
fo
r
th
e
sp
ec
ifi
c
ne
ed
s,
ri
sk
s,
an
d
ab
ili
tie
s
of

ea
ch

in
di
vi
du

al
pa
tie
nt

T
yp

e
of

ex
er
ci
se

F
re
qu

en
cy

D
ur
at
io
n
an
d

vo
lu
m
e

In
te
ns
ity

E
xa
m
pl
e
ex
er
ci
se
s

P
ro
gr
es
si
on

S
en
so
ri
m
ot
or

tr
ai
ni
ng

2–
3
se
ss
io
ns
/

w
ee
k

15
–
35

m
in
/s
es
si
on

B
al
an
ce

or
co
or
di
na
tio
n
ta
sk
s
3

S
et
s
of

20
–
30

se
co
nd

s
pe
r

re
pe
tit
io
n.

T
he

pa
tie
nt

sh
ou

ld
be

tr
ai
ne
d
at
th
ei
r

pe
rs
on

al
lim

it
E
ns
ur
e
th
at
tr
ai
ni
ng

do
es

no
t
pl
ac
e
th
e

pa
tie
nt

at
ex
ce
ss
iv
e

ri
sk

of
fa
ll

B
al
an
ce

or
co
or
di
na
tio

n
ta
sk
s

st
an
di
ng

on
on

e
fo
ot
,t
an
de
m

w
al
k,

et
c.

H
an
d
ex
er
ci
se
s
(e
.g
.,
vi
br
at
io
n

du
m
bb

el
ls
,t
he
ra
pe
ut
ic
pl
as
tic
in
e,

th
er
ap
y
ba
lls

th
at
ca
n
be

co
m
pr
es
se
d)

T
as
k
di
ffi
cu
lty

sh
ou

ld
in
cr
ea
se

th
ro
ug

ho
ut

th
e
tr
ai
ni
ng

pe
ri
od

(w
ee
ks

an
d
m
on

th
s)
,e
.g
.b

y
m
od

if
yi
ng

th
e
su
pp

or
t
su
rf
ac
e

an
d/
or

vi
su
al
co
nt
ro
l(
e.
g.
,e
ye
s

op
en

vs
.c
lo
se
d)
,a
nd

/o
r
in
cl
ud

e
du

al
-t
as
k
as
pe
ct
s
(e
.g
.,
co
nc
ur
re
nt

co
gn

iti
ve

ch
al
le
ng

e)
.

R
es
is
ta
nc
e

tr
ai
ni
ng

2–
3
se
ss
io
ns
/

w
ee
k

1–
3
se
ts
of

10
–
15

re
pe
tit
io
ns

of
5–

15
di
ff
er
en
t
ex
er
ci
se
s

50
–
70

%
1-
re
pe
tit
io
n

m
ax
im

um
ra
tin

g
of

pe
rc
ei
ve
d
ex
er
tio

n
14

–
16

O
ut

of
20

U
pp

er
an
d
lo
w
er

bo
dy

ex
er
ci
se
s

us
in
g
pu

sh
in
g
an
d
pu

lli
ng

m
ov

em
en
t
pa
tte
rn
s
on

m
ac
hi
ne
s

or
us
in
g
re
si
st
an
ce

ba
nd

s

In
cr
ea
si
ng

re
pe
tit
io
ns
,s
et
s,
an
d

re
si
st
an
ce

le
ve
ls
sl
ow

ly
ov

er
th
e

tr
ai
ni
ng

pe
ri
od

(w
ee
ks

an
d

m
on

th
s)
w
hi
le
st
ay
in
g
w
ith

in
th
e

de
si
re
d
ra
ng

e
of

pe
rc
ei
ve
d

ex
er
tio

n

E
nd

ur
an
ce

tr
ai
ni
ng

2–
3
se
ss
io
ns
/

w
ee
k

H
om

e-
ba
se
d

w
al
ki
ng

ca
n

be
pe
rf
or
m
ed

da
ily

10
–
40

m
in
/s
es
si
on

55
–
75

%
he
ar
tr
at
e

re
se
rv
e
or

70
–
80

%
H
R
m
ax

T
re
ad
m
ill
,w

al
ki
ng

,e
lli
pt
ic
al

tr
ai
ne
r,
or

cy
cl
e
er
go

m
et
er

(e
sp
ec
ia
lly

if
ba
la
nc
e
is

pr
ob

le
m
at
ic
)

In
cr
ea
si
ng

du
ra
tio

n
(m

in
ut
es

pe
r

w
ee
k)

sl
ow

ly
ov

er
th
e
tr
ai
ni
ng

pe
ri
od

(w
ee
ks

an
d
m
on

th
s)
to

ac
hi
ev
e
A
C
S
M

re
co
m
m
en
da
tio

n
(1
50

m
in
/w
ee
k)

W
ho

le
-b
od

y
vi
br
at
io
n

tr
ai
ni
ng

2–
3
se
ss
io
ns
/

w
ee
k

4
se
ts
of

st
an
ds

(f
or
ef
oo

t)
30

–
60

se
c

A
m
pl
itu

de
of

2–
4
m
m
;

fr
eq
ue
nc
y
of

25
–
35

H
z

F
or
ef
oo

t
st
an
ce
,s
lig

ht
ly

be
nt

kn
ee
s,
he
ad

he
ld

hi
gh

,v
ar
y
th
e

w
id
th

of
th
e
fe
et
or

go
in
to

se
m
i-

ta
nd

em
,t
an
de
m

st
an
ce

P
ro
gr
es
si
on

sh
ou

ld
in
cr
ea
se
,

st
ar
tin

g
by

ad
ju
st
in
g
th
e

fr
eq
ue
nc
y
pa
ra
m
et
er

•
A
C
S
M

gu
id
el
in
es

su
gg

es
tt
ha
tp

at
ie
nt
s
st
ar
tw

ith
a
sm

al
la
m
ou

nt
of

ex
er
ci
se

an
d
sl
ow

ly
bu

ild
to

up
to

15
0
m
in
/w
ee
k
of

m
od

er
at
e-
in
te
ns
ity

ae
ro
bi
c
ex
er
ci
se
,

or
75

m
in
/w
ee
k
of

vi
go

ro
us

in
te
ns
ity

ex
er
ci
se
,c
om

bi
ne
d
w
ith

2–
3
da
ys

of
st
re
ng

th
tr
ai
ni
ng

ac
ro
ss

al
l
m
aj
or

m
us
cl
e
gr
ou

ps
,p

lu
s
re
gu

la
r
st
re
tc
hi
ng

[2
7]

•
T
ra
in
in
g
se
ss
io
ns

re
qu

ir
in
g
hi
gh

le
ve
ls
of

co
or
di
na
tio

n
an
d
ri
sk

(e
.g
.,
el
ev
at
ed

ba
la
nc
e
ta
sk
s)
sh
ou

ld
be

pe
rf
or
m
ed

in
a
su
pe
rv
is
ed

se
tti
ng

in
iti
al
ly

an
d
ca
n

th
en

sl
ow

ly
be

tr
an
sf
er
re
d
in
to

a
no

n-
su
pe
rv
is
ed

se
tti
ng

.E
xe
rc
is
e
w
ith

a
lo
w
er

de
m
an
d
ca
n
be

do
ne

w
ith

pa
tie
nt
s
un

su
pe
rv
is
ed

af
te
r
a
tr
ai
ni
ng

se
ss
io
n
by

a
qu

al
ifi
ed

in
st
ru
ct
or

248 I. R. Kleckner et al.



The length of this intervention should correspond to the total length of the
individual’s chemotherapy, or perhaps longer. For patients starting an exercise
program with the intent to reduce CIPN symptoms after completing chemotherapy,
this rehabilitative measure should take place as long as patients need the program to
reduce symptom severity and/or to develop compensation techniques. When starting
a training program, clinicians, health care professionals, and trainers should be aware
of proposed adaptation phases for a sedentary individual when starting an exercise
program [40]: (1) adoption phase, more emphasis should be placed on changing
psychological mechanisms and not overwhelming physiological systems due to lack
of physiological conditioning, (2) maintenance phase, both psychological and phys-
iological mechanisms at play, and (3) habituation phase on physiological
mechanisms and influence of behavioral conditioning.

It is critically important to consider patient preferences and intrinsic motivation.
Patients who enjoy exercise and are more motivated will be more likely to integrate
exercise into their daily life, and therefore continue to exercise regularly over a long
period of time. Our companion review paper [24] revealed distinct exercise
modalities using dance [41], a computer game [42], and other options such as sports
to elicit aerobic or balance training effects. Patients may also find it very motivating
to emphasize the relevance of exercise during and after chemotherapy to maintain
physical function.

9.5 Conclusions and Future Work

In summary, it is clear that exercise prescriptions are mostly in line with the current
general exercise recommendations for cancer patients and may therefore not only be
effective in the prevention and rehabilitation of CIPN, but also have a positive effect
on other treatment-related side effects such as fatigue and distress [27, 28]. Regardless
of which exercise modalities, durations, and intensities appear to be effective now, it
is important to take patient preference into account. Patient preference is important
because it is less demanding to achieve an effective training stimulus if patients
appreciate the program and therefore exercise regularly over a long period of time.
To that end, ongoing and future clinical trials of exercise and related interventions
for CIPN will continue to reveal whether and how much exercise (frequency,
intensity, type, duration) can best target CIPN for a particular set of symptoms and
patient characteristics (age, sex, comorbidities, fitness level, physical abilities) and
patient preferences. Overall, we are optimistic for the rapidly growing body of
research on the use of exercise for CIPN. Identifying successful treatments for
CIPN will ultimately help patients, caregivers, families, providers, and the entire
healthcare system.
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Natural Course of Neurotoxicity after
Immune Checkpoint Inhibitor (ICI) Exposure 10
Andreas A. Argyriou

Abstract

The blockade of immune checkpoint inhibitors (ICIs) with monoclonal antibodies
has revolutionized the therapeutic management of several cancer types as these
treatments have achieved higher objective response rates and prolonged overall
survival. However, targeting of CTLA-4 and PD-1/PD-L1 dysregulates the
homeostasis of immune system, thereby increasing the relative risk of systemic
immune-related overactivation and immune-related adverse events (irAEs).

Neurological irAEs (NirAEs) are relatively rare but potentially severe and
life-threatening. The clinical phenotype of NirAEs greatly varies to involve
a wide spectrum of neurological manifestations, although neuromuscular
involvement, in the form of myositis, myasthenia gravis, and demyelinating
polyradiculoneuropathy, is more frequently disclosed than central nervous sys-
tem involvement clinically encountered as meningoencephalitis, encephalitis,
vasculitis, myelitis, CNS demyelination, neuro-opthalmological events, and cra-
nial neuropathies. Early NirAEs diagnosis, prompt ICIs discontinuation, and
induction treatment with immune-modulating therapies, e.g., corticosteroids,
IVIG, plasma exchange, and immune suppressants, are factors of paramount
importance to optimize clinical outcomes.
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10.1 Main Text

Over the last decade, the blockade of the immune checkpoints by monoclonal
antibodies (mAb) has revolutionized the treatment of several cancer types. Physio-
logically, T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death
protein 1 (PD-1) are receptors that help to maintain immune tolerance. Targeting
these receptors with immune checkpoint inhibitors (ICIs), given as monotherapy or
combined with other conventional agents enhances T-cell adaptive immunity against
the tumor by blocking immune inhibitory signals, thereby leading to strikingly
improved clinical outcomes [1, 2]. The main representatives of this modern class
of cancer therapy are ipilimumab, an antibody targeting cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4), nivolumab, an antibody affecting programmed cell
death 1 (PD-1), pembrolizumab, cemiplimab, atezolizumab, durvalumab, and
avelumab, which target the anti-PD-1 ligand (PD-L1).

Nonetheless, given the regulatory roles that CTLA-4 and PD-1/PD-L1 play in the
homeostasis of the immune system, it is expectable that blocking these pathways
could increase the risk of various immune-related adverse events (irAEs), mainly
due to removal of self-tolerance [3]. Up to 65% of ICI-exposed patients experience
irAEs involving the skin, gastrointestinal tract, endocrine system, and liver. Neuro-
logical immune-related adverse events (NirAEs) are relatively rare, occurring in up
to 6% of patients treated with ICIs and are clinically manifested in the form of
various disorders affecting both the central and peripheral nervous system (PNS).
Although less frequently encountered than the rest of irAEs, NirAEs merit special
attention in their prompt diagnosis and management as, in some cases, these
toxicities can be severe or even lethal [4].

As mentioned, ICIs can evoke damage to either the peripheral or central nervous
system (CNS). In the general context, neuromuscular adverse events are more
frequently encountered than toxicities involving the CNS (5.5% and 0.46%, respec-
tively) after exposure to pembrolizumab, nivolumab, and ipilimumab therapy
[5]. The most commonly encountered CNS clinical syndromes include meningoen-
cephalitis, encephalitis, vasculitis, myelitis, CNS demyelination, neuro-
opthalmological events, and cranial neuropathies, occurring as a result of
neuroinflammation. Conversely, the most commonly encountered neuromuscular
irAEs include peripheral neuropathy, myositis, and myasthenia gravis. Myositis
appears to be the most common clinical syndrome in nivolumab-treated patients,
while peripheral neuropathies rather than myositis are more frequently seen after
ipilimumab exposure [6].

Usually, NirAEs are late effects after ICI exposure, suggesting that CNS events
require a greater median number of ICIs cycles received and a more prolonged time
period to NirAEs onset, compared to neuromuscular toxicities. The latter view is
supported by the results of a recently published study that showed that the time to
presentation of PNS, compared to CNS syndromes, was significantly shorter, i.e.,
median 70 vs 119 days, respectively [5]. Finally, as opposed to irAEs involving
other organs, there is no evidence to support that combination schemes comprising
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of CTLA-4 plus PD-1 inhibitors, compared to ICI monotherapy, increase the
incidence of NirAEs [7].

10.2 CNS Neurotoxicity

10.2.1 Encephalitis/Meningoencephalitis

Patients with encephalitis or meningoencephalitis commonly present with fever,
headache, emesis, altered mental status, in keeping with an increased intracranial
pressure syndrome. Neurological deficits, including seizures, may also occur. Neu-
roimaging usually reveals non-specific inflammatory changes, while the analysis of
cerebrospinal fluid (CSF) typically shows increased opening pressure and evidence
of albumino-cytologic dissociation with mild lymphocytic pleocytosis and elevated
CSF albumin levels. Slowing of basal rhythm and evidence of non-specific
abnormalities are present in electroencephalography [8].Tellingly, in the metastatic
setting, it is often challenging to diagnose ICI-related CNS infections. Although CSF
paraneoplastic and autoimmune antibody assays are negative, further extensive
diagnostic testing is usually needed to exclude autoimmune encephalitis or
cerebellitis, especially when taking into account that ICIs exposure could augment
or trigger sporadic paraneoplastic or autoimmune disorders [9].

Nonetheless, ICI-related encephalitis might be a serious (grade 3) adverse event
with a relatively high mortality rate [10]. Affected patients should have an inpatient
vigilant monitoring and be treated with high-dose IV methylprednisolone at a dose
of 1g per day during 5 consecutive days, followed by prednisone 1 mg/kg in
progressive dose reduction.Infusion of intravenous immunoglobulin (IVIG) might
also be given in severe or progressive symptoms to diminish the mortality risk.

10.2.2 Vasculidities

Contrary to ICI-related encephalitis, primary CNS vasculidities, in the form of giant
cell arteritis or isolated retinal vasculitis, have a much more benign natural course
and bear a minimal mortality risk [11]. The clinical phenotype of ICIs-related
vasculitis was recently described in a systematic review, which identified 20 cases
that developed large vessel CNS vasculitis, in particular, after commencing 1–15
treatment cycles of anti-PD-1 therapy [12].

10.2.3 CNS Demyelination

Exacerbation of known multiple sclerosis or de novo manifestation of CNS demye-
lination has also been reported after ICIs exposure. Rapid progression of a case with
radiographically isolated syndrome into clinically definite multiple sclerosis has
been described 4 months after ipilimumab initiation [13]. Blocking the interaction
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between PD-1/PD-L1 or CTLA-4 in lymphocytes resident or infiltrating the nervous
system could increase local inflammation or reveal latent central inflammation. This
mechanism might be responsible for the exacerbation of multiple sclerosis, as
documented in some experimental models of CNS inflammation [14]. Conversely,
de novo CNS demyelination, although very rarely encountered, has been associated
with enhanced responses of myelin-reactive peripheral CD4+ T cells [15]. A case
with presumed anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum
disorder has been also recently described in a patient with lung squamous cell
carcinoma two months after treatment with nivolumab [16].

Nonetheless, the overall prognosis of ICI-related central demyelination is favor-
able, with most cases having partial or complete response to steroids after discontin-
uation of the offending ICI agent [17].

10.2.4 Neuro-opthalmological IRAEs and Other Cranial
Neuropathies

Optic neuritis complicating ICI therapy is rarely encountered and occurs in less than
1% of exposed patients. Literature contains single reports of unilateral or bilateral
optic neuritis after therapy with either ipilimumab [18, 19], nivolumab monotherapy
[20], or combined with a peptide vaccine [21], atezolizumab [22] and durvalumab
[23]. Typically, neuro-opthalmological IRAEs present 2–12 weeks after commenc-
ing treatment and in the majority of cases are reversible and responsive to steroid
treatment [24]. Steroid-responsive cranial nerve palsies, involving nerve III (oculo-
motor), nerve VI (abducens), VII (facial), and combined cranial nerve VI and VII
palsy have also been rarely reported 4-13 months after initiation of ICIs treatment
[25, 26].

10.2.5 Cognitive Decline

ICIs might also cause very late neurotoxicity-related neuropsychiatric effects,
including cognitive disorders, fatigue, and mood disorders. This is because of their
ability to cross the blood–brain barrier, evoking changes in microglial activation and
increasing the levels of cytokines and chemokines in the inner temporal structures,
such as the hippocampus [27]. Thus far, this issue has not been thoroughly addressed
in the clinical setting although it definitely merits attention, as cognition and mood
are strong determinants of daily living activities and quality of life.
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10.3 PNS Neurotoxicity

10.3.1 Peripheral Neuropathies

ICIs are generally less toxic for the peripheral nerves than conventional cytotoxic
chemotherapy. Specifically, available data show that about 1% of patients exposed
to therapy with PD-1/PD-L1 inhibitors will manifest any grade of peripheral nerve
damage in the form of axonal sensory peripheral neuropathy, compared to 8.6%
of patients receiving conventional chemotherapy. Likewise, treatment-emergent
grade 3 neurotoxicity is much less likely to occur with PD-1/PDL-1 therapy
(0.3%) than with conventional chemotherapy agents (1.1%) [28]. Moreover, adjunc-
tive use of neurotoxic chemotherapy with ICIs does not seem to increase the risk of
either more frequent or more intense treatment-emergent grade 3 or 4 peripheral
neuropathy [29].

Tellingly, it is difficult to be confident about the true incidence and severity of
peripheral neuropathies after ICI exposure because most of the affected patients are
usually pretreated with other neurotoxic chemotherapeutic agents before the initia-
tion of ICIs therapy. In any case, events of de novo development sensory axonal
peripheral neuropathy, with evidence of symmetrical numbness and paresthesia in a
stocking and glove distribution and reduced or abolished tendon reflexes, usually
appear after commencing 3–7 cycles of ICIs and after a median time of 70 days from
immunotherapy initiation to the neurological adverse event’s onset. Patients usually
recover soon after ICIs discontinuation even without any intervention [5].

Apart from axonal sensory neuropathies, cases of immune-related demyelinating
polyradiculoneuropathy (irDP) can occur in up to 7.6% of patients exposed to 3–4
courses of PD-1/PDL-1 therapy [30] and at a median time of 59 days from the
initiation of immunotherapy [5]. Patients usually develop acute or subacute sensory-
motor symptoms and cranial nerve involvement with bulbar symptoms and dyspnea.
CSF results in these patients is in keeping with albuminocytological dissociation.
Nerve conduction studies show a demyelination pattern with marked motor conduc-
tion slowing and F waves prolongation, while antiganglioside antibodies are gener-
ally absent [31]. irDP is usually responsive to corticosteroid treatment, which should
be considered as a first-line treatment.

Second- or third-line treatment with IVIG or plasma exchange should be
administered in patients who remain unresponsive to corticosteroids [32].

10.3.2 Myositis

Immune-related myositis (irMyositis) is the most common neuromuscular toxicity of
anti-PD-1/anti-PDL1 and anti-CTLA-4 therapy. Elderly male patients are more
liable to develop irMyositis within the first two months after the initiation of ICIs
treatment [33], although a more prolonged median time of 97 days has also been
reported [5].
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Patients usually develop diffuse myalgias in the back and proximal limbs,
reduced tendon reflexes, and proximal muscle weakness, mainly in the pelvic girdle.
These symptoms peak to maximal severity in a median of 10 days [34]. Ocular
involvement in the form of ptosis or ophthalmoparesis can occur in up to 70% of
patients with irMyositis, while facial weakness and involvement of bulbar muscles is
less frequently reported (40–50%) [35].

Increased CK levels up to fivefold over normal, muscle sampling with needle
electroneuromyography, showing myopathic motor unit potentials (defined as the
presence of polyphasic, short-duration, or low amplitude motor unit action potential
with normal or early recruitment) and muscle biopsy with evidence of necrotic
myofibers associated with inflammatory infiltrates consistent with necrotizing myo-
pathic changes, are strongly supportive of irMyositis [35], although not all patients
present abnormal findings in these tests.

The majority of patients with irMyositis experience a favorable clinical outcome
after ICIs discontinuation and administration of immunomodulatory treatment with
corticosteroids as first-line treatment and plasma exchange or IVIG as induction
therapeutic options. Nonetheless, up to 20% of patients ultimately require
non-invasive or mechanical ventilation, due to evidence of treatment-resistant pro-
gressive generalized muscle weakness and respiratory or cardiac muscle
involvement [36].

10.3.3 Myasthenia Gravis

Immune-related myasthenia gravis (irMG), either developed de novo or as a relaps-
ing pre-existing myasthenia gravis (MG), is the most emerging and life-threatening
neuromuscular toxicity expected within 2–12 weeks (average 6 weeks) after single
or combined ICIs treatment [35, 37]. The diagnosis in these cases is challenging
because there is evidence of irMG and irMyositis co-occurrence in the majority of
cases and this is significantly associated with triggering a myasthenic crisis requiring
ventilator support [38].

Typically, patients present with fluctuating muscle weakness involving ocular,
bulbar, and/or respiratory muscles [6]. Response to cholinesterase inhibitors
(pyridostigmine or edrophonium test) and positive assays to antibodies against
acetylcholine receptor (AChR) have a relatively low (60–80%) diagnostic sensitivity
[39].Early recognition of irMG and discontinuation of the offending ICI agent is of
paramount importance in order to promote a favorable neurological outcome. In any
case, mortality rates remain significant (30%) despite the adequate inpatient admin-
istration of induction therapy with corticosteroids, IVIG, plasma exchange, and
immune suppressants [37].

Patients with irMG and concurrent irMyositis with irMyocarditis yield an even
higher mortality risk [40].
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Ants and Needles and Pins: Living
with Neuropathy 11
Cynthia Chauhan and Mary Lou Smith
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Life is a journey of choices, known to the research community as risk/benefit
analyses and to the lay community as choosing the best ways to live as successfully
as possible with success being individually defined. For those of us with chemo-
induced neuropathy, the neuropathy is a sequalae of one of those hard choices. A
question we need to consider is if the choice was an informed one. Did we know both
the negative and positive consequences of the choice to have chemotherapy and how
do we live with the consequences of our choice? We dealt with the short-term
negative effects such as profound nausea and hair loss. The question now becomes
dealing with the long-term effects. Some of us were unaware that all side effects do
not end when treatment ends.

Neuropathy is a constant presence, sometimes simply annoying us and sometimes
overwhelming us. We often experience a compelling numbness that is best described
for people who do not have neuropathy as that awful feeling that you experience
when your limb has “fallen asleep” and is in the process of awakening. For some of
us that feeling is omnipresent. So, that is the base upon which the other symptoms
build, including a feeling that ants have set up an anthill in one’s leg and are busy
building their nest, not just ordinary sugar ants but fire ants. Or, there is that painful
awareness of one’s feet when one is trying to go to sleep and, in an attempt to settle
down, enmeshed in perceived pinpricks, one’s feet refuse to be still. We finally get to
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sleep only to awaken in the morning to the literally painful decision of which clothes
and shoes to wear. Weakened by neuropathy and subject to muscle spasms if we
move just wrong, we manage to get ourselves out of bed, careful to check the
placement of our feet and thoughtful about keeping our balance. Climbing stairs or
looking up while standing can be a life-threatening exercise as we may lose balance
and possibly fall. Now, what can we manage to put on by ourselves when our hands
are not cooperating with us and independent balance is precarious? Losing the
sensation of warmth or cold, how do we make sure we do not inadvertently pick
up a too hot pot? How can we dress appropriately for the weather? Does the fire or
cold in our limbs reflect external reality? What shoes will be least painful as we
accommodate ourselves to the loss of proprioception?

Parts of life that were always automatic in the past now are daily conscious
decisions. What household chores can we now do with effort that we once sped
through easily? Which are simply beyond our ability now or even endangering as we
bend over or reach up and lose balance? How many glasses and dishes do we break
before we realize that we may need special kitchen and dining utensils? How do we
prepare our meals now that peeling and cutting foods are perilous activities? What
foods that we always ate with utensils are now more likely to get eaten if we treat
them as finger foods? How much easier is it to drink soup from a cup rather than
spooning it from a bowl? What social graces can we hold on to and which must we
reluctantly forego?

Through it all, the pain and the combination of lost and intensified physical
sensations and sensitivity, we need to remember to remain active, social beings.
What about the things we do for pleasure and creative engagement—If one is a
painter, how to control the brushes and the flow of paints? If we enjoy playing the
piano will Chopin become chopsticks? How difficult does reading become when one
can no longer hold a book or turn the pages automatically? For those of us who write,
how do we control our fingers on the computer keyboard? How do we manage the
neuropathy without foisting our issues on others?

As we deal with the physical and social complications of neuropathy, we learn
that unremitting pain not only can affect our quality of life but also can lead to
depression and social reactivity. Social interactions that were once automatic and
pleasant sometimes become tiresome tasks. Social life may become attenuated by the
omnipresent pain and/or discomfort and loss of function. One may or may not
recognize the developing depression or, recognizing it, deny its importance and
influence.

If you are getting bored with this recitation of symptoms and life adjustments, let
yourself consider how taxing it is to us to deal with this never-ending cascade of
symptoms and conscious choices of things that used to be automatic. When you
woke up this morning, did you have to make a conscious decision to get out of bed,
carefully planning each move or did you just groan and roll out?

So, now that you have endured the litany of pain and discomfort and loss of
automatic decision-making on life’s basic functions, let us think together about what
can be done.
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First, it behooves treating physicians, to make sure the patient is aware of the
importance of early symptom reporting as one goes through treatment. Clinicians
should genuinely inform their patients that there is no symptom too small to report.
That gives them and the patient a head start on handling neuropathy when it first
rears its ugly head.

Second, because some patients are reluctant to ask too much or are simply
overwhelmed by the disease and treatment, clinicians should initiate regular
discussions of possible negative effects of the treatment including being observant
of behaviors such as how patients walk or if they are having difficulty buttoning their
shirt or coat. Along those lines, clinicians should give patients the time and interest
they would want if they were the patient.

Affected patients can and do live with chemo-induced neuropathy and appreciate
that, although difficult, it is a consequence of attempts to halt or slow the progression
of the cancer. However, it is a consequence that needs to be understood and carefully
addressed. Ignoring it does not make it go away and will make it more dangerous.
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