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Abstract: Peripheral neuropathy is a well described complication in children with cancer. Oncologists
are generally well aware of the toxicity of the main agents, but fear the side effects of new drugs.
As chemotherapeutic agents have been correlated with the activation of the immune system such
as in Chemotherapy Induced Peripheral Neuropathy (CIPN), an abnormal response can lead to
Autoimmune Peripheral Neuropathy (APN). Although less frequent but more severe, Radiation
Induced Peripheral Neuropathy may be related to irreversible peripheral nervous system (PNS).
Pediatric cancer patients also have a higher risk of entering a Pediatric Intensive Care Unit for com-
plications related to therapy and disease. Injury to peripheral nerves is cumulative, and frequently,
the additional stress of a malignancy and its therapy can unmask a subclinical neuropathy. Emerging
risk factors for CIPN include treatment factors such as dose, duration and concurrent medication
along with patient factors, namely age and inherited susceptibilities. The recent identification of
individual genetic variations has advanced the understanding of physiopathological mechanisms
and may direct future treatment approaches. More research is needed on pharmacological agents for
the prevention or treatment of the condition as well as rehabilitation interventions, in order to allow
for the simultaneous delivery of optimal cancer therapy and the mitigation of toxicity associated
with pain and functional impairment. The aim of this paper is to review literature data regarding
PNS complications in non-primary pediatric cancer.

Keywords: pediatric cancer; complications; peripheral nervous system; peripheral neuropathy

1. Introduction

Peripheral nervous system (PNS) complications almost always appear during and
immediately after chemotherapeutic treatment, while others present months or even years
later. Given the growing population of childhood cancer survivors, long-term follow-up
and supportive strategies will be of increasing importance to ensure a high quality of life
(QOL) after childhood cancer. Neuropathy may also limit the proper administration of
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the chemotherapy regimen, thereby limiting its efficacy, which is why finding strategies to
overcome this complication is important. Great attention should be placed on the exami-
nation of all patients exposed to neurotoxic agents so that the management of peripheral
neuropathy can be initiated quickly.

Additional studies are needed to further understand the mechanisms underlying PNS
involvement in pediatric cancer, to improve surveillance strategies, particularly for young
children and those with central nervous system (CNS) tumors, and most importantly, to
define effective treatment options that will allow the optimization of cancer treatment and
the attenuation of toxicity associated with pain and functional impairment.

Chemotherapy is widely recognized as the more common cause of peripheral neu-
ropathy in cancer patients, and neurotoxicity is the second most important cause as a
dose-limiting factor of cancer treatment [1]. The recognition of neurotoxicity patterns is
important both to differentiate treatment-related symptoms from cancer involvement of the
nervous system and to permit assessing dose adjustment or interruption of the treatment
in order to prevent further neurologic injury.

Significant expansion of the childhood cancer survivor population correlates with the
enlargement of the population potentially at risk for long-term sequelae. In the last few
years, genetic risk factors associated with the increase in CIPN in cancer patients were
reported, in particular related to pharmacogenomics [2].

The management of PNS involvement in pediatric patients represents the most inter-
esting challenge for the future. Presently, there are no standard protocols for preventive
and therapeutic approaches, and rehabilitation strategies are limited for pain management.

The aim of this paper is to review PNS involvement ranging from pathophysiology to
clinical presentation, and therapeutic options and outcomes.

Methods

From a methodological point of view, our contribution is a review and not a systematic
review. Papers published up to March 2021 were selected through a computerized literature
search using PubMed and ISI Web of Science databases. We conducted a literature search
and papers relevant to this review are included in the list of references.

The following terms were entered, individually or in combinations: peripheral ner-
vous system, neuropathy, neurotoxicity, chemotherapy-induced neuropathy, autoimmune
peripheral neuropathy, radiation-induced peripheral neuropathy, polyneuropathy, critical
illness, enteric neurotoxicity and pediatric cancer/pediatric oncology. The literature has
been selected by each author, identifying in theirown opinion the best literature to achieve
the aim of the paper.

No restrictions were made on the publication date, study design, and language. A
cross-reference search was carried out to identify any further relevant data.

2. Chemotherapy-Induced Peripheral Neuropathy (CIPN)

Chemotherapy is the core of treatment in international pediatric cancer protocols. Its
toxicities, especially when acute, may interfere not just with the Quality of life (QoL) but
also with the optimal delivery of treatment and daily function [3,4].

CIPN, considered just as a transient complication, is a well-recognized and quite
frequent neurologic toxicity associated with specific chemotherapy, commonly used in
cancer treatment [3,4].

CIPN has been described with various drugs such as vinca alkaloids, platinum com-
pounds, taxanes, and proteasome inhibitors, whichaffect the sensory, motor and/or auto-
nomic components of the PNS [5] (Table 1).
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Table 1. Mechanism of action and clinical features of chemotherapeutic agents, used in pediatric protocols, in chemotherapy-
induced peripheral neuropathy (CIPN).

Chemotherapeutic Agent Mechanism of Action Clinical Features

Platinum compounds
Damage on the dorsal root ganglion and

consequently a primarily sensory
neuropathy [6,7].

Cisplatin: causes reversible peripheral sensory
neuropathy, characterized by numbness, tingling, and

paresthesias, sometimes Lhermitte’s sign [8–10].
Carboplatin: milder CIPN than cisplatin [11].

Oxaliplatin: cold-induced dysesthesias in the hands and
mouth [12].

Anti-microtubule agents

Vinca alkaloids: cause cytoskeletal
disorganization and disorientation within

axons, leading to inhibition of
vesicle-mediated transport of
neurotransmitters and axonal

degeneration and denervation [13].

Vincristine: axonal, sensorimotor polyneuropathy,
which is generally related to cumulative dose.

Manifestations comprise reduced deep tendon reflexes,
foot and wrist drop, gait abnormalities, and muscle

weakness that may be asymmetrical neurotic pain (jaw
pain, muscle cramps), paresthesias and dysesthesia.

Cranial motor nerves can be affected, causing hoarse
voice, ptosis, eye movement disorders, and rarely optic

neuropathy. Autonomic nerve involvement may
underlie constipation, paralytic ileus, and urinary

retention [14–18].
Vinblastine and Vinorelbine: Neurotoxicity is minimal

and is less pronounced than that of vincristine;
sometimes constipation. If neurotoxicity is present,

vincristine may be considered as an alternative
chemotherapeutic drug [4,19].

Proteasome inhibitors

Degradation of intracellular proteins,
resulting in accumulation of cytoplasmic
aggregates, including neurofilaments in

neuronal cells [20,21].

Bortezomib: causes a dose- and length-dependent
sensory axonal peripheral neuropathy [22].

Nelarabine

Nelarabine is an antimetabolite, a
water-soluble pro-drug of

arabinosylguanine nucleotide
triphosphate, a purine deoxyguanosine
analog, leading to the inhibition of DNA

synthesis [23]

Dose-dependent sensory and motor peripheral
neuropathy; also Guillaine-Barrè Syndrome [24,25]

Traditional chemotherapy preferentially acts on cell division, resulting in DNA dam-
age and strand breakage and interfering with DNA repair and microtubule function. For
this reason, it was expected that the PNS, due to its low rate of cellular reproduction and the
presence of blood-nerve barriers, would be spared injury. The clinical signs and symptoms
of CIPN are caused by axonal damage in the form of a dying-back neuropathy and from
damage to dorsal root ganglia cells. This selectivity of damage is probably related to the
increased permeability of the blood-nerve barrier at this level [26]. Neuropathy is primarily
caused by direct damage to neurons but also by indirect alteration of the surrounding
microenvironment, such as localized vascular injury [27]. The role of non-neuronal cells,
such as Schwann cells, is still not fully understood. Acute chemotherapy neuropathy is
reported in 20–85% of children treated for acute lymphoblastic leukemia, lymphoma, CNS
tumors and non-CNS solid tumors [4,28], which may present with sensory, motor, or auto-
nomic neuron impairments [14,29]. Symptoms of CIPN may disappear on the reduction or
discontinuation of the drug in question, but may also persist during therapy and continue
long-term after therapy if permanent nerve damage is created [30]. Permanent damage to
the structure and function of thePNS, although rarely life-threatening, affects fine motor
skills, balance, mobility, endurance, and potentially Quality of Life (QoL) [31–34]. The
chemotherapeutic agents responsible for CIPN in the pediatric population are those that
act mainly on the microtubule [35]. Anticancer drugs are administered in combination
regimens, thus the use of more than one agent makes it difficult to ascribe which is respon-
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sible and exposes the patient to additive neurologic effects [4]. It is important to know
that the management of CIPN signs and symptoms, recovery, and the delayed effects of
chemotherapy may vary between adult and pediatric patients. Most drugs commonly
used for neuropathic pain in adult patients have not been widely studied in children.
Additionally, rehabilitation therapies have not been well evaluated in children receiving
CIPN-inducing drugs. Thus, both the symptoms of CIPN and methods for alleviating them
might be different between these two populations [36].

2.1. Risk Factors

The occurrence and gravity of neurotoxicity depend on many factors:

2.1.1. Treatment Factors

Dosage: Greater peripheral neurotoxicity has been reported in pediatric population
receiving higher cumulative doses of vincristine (>4 g/m2). [3,27].

Concurrent medication: The administration of azole antifungal agents with vincristine
may be present at median time lag up to 30 days [13,37]. One study has reported various
patients with atypical neuropathy with hematopoietic colony stimulating factor treatment
in association with vincristine [38]. Other possible pharmacokinetic interactions are re-
ported with nifedipine, cyclosporin, carbamazepine and phenytoin. The association of
triazole and imidazole antifungal agents is thought to exacerbate vincristine toxicity [13,37].
However, azole antifungals themselves are potentially neurotoxic, with interaction due to
additive toxicity and not a pharmacokinetic interaction. In fact, peripheral neuropathy has
been signaled in subjects exclusively receiving long-term antifungal therapy [37]. There-
fore, in consideration of the literature data and regardless of the mechanism, concomitant
treatment of vincristine with CYP3A4 inhibitors, in particular azole antifungals, should
be avoided.

2.1.2. Disease Factors

Progressive rapid weakness, resembling Guillain-Barré syndrome (GBS), has been
reported in children with hematological malignancies treated with vincristine, prevailing
during the induction phase [39].

2.1.3. Patient Factors

Age: Discordant results have been reported on the relationship between vincristine-
induced peripheral neuropathy (VIPN) and age. An increased risk of vincristine neurotoxi-
city has been signaled in older children [14,27,37]. Nevertheless, van de Velde et al. [40],
did not confirm a clear association between age and VIPN in pediatrics. These differing
results may be due to confounding comorbidities [41].

2.1.4. Genetic Risk Factors

With advances in genetic sequencing, multiple genetic mutations have been discov-
ered that may alter chemotherapy neurotoxicity profiles [2]. In particular, in the pediatric
literature, research has been conducted mainly on VIPN [3]. The candidate nucleotide
polymorphisms can be divided into three categories affecting vincristine metabolism (phar-
macokinetics), vincristine toxicity pathways (pharmacodynamics) and SNPs in hereditary
neuropathy genes [3].

Genetic alterations in pharmacokinetic pathways: The cytochrome P450 enzyme
CYP3A5 “low-expressors” have a greater incidence and severity of vincristine neurotoxicity.
Allelic variation in the gene for CYP3A5 results in phenotypic differences in the expression
of functional enzymes [3]. In light of the importance of CYP3A5 in vincristine metabolism,
several studies have focused on the nonexpressing CYP3A5 genotype (rs776746) [13,37].
Increased occurrence, severity and duration of VIPN with greater dose reductions and
omissions in CYP3A5 homozygotes are reported in children. The latter patients had higher
metabolite levels 1 hour after dosing and there was a significant inverse association between
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metabolite levels and neuropathy severity. This indicates that the reduced vincristine
metabolism in patients not expressing CYP3A5 increases the VIPN. This would also explain
the race difference in VIPN, as the percentage of African Americans expressing CYP3A5 is
far higher than that of Caucasians (about 60% vs. 20%) [42]. However, several independent
studies in pediatrics have not demonstrated associations between CYP3A5 and drug
concentrations or VIPN [13,42].

Genetic polymorphism in another pharmacokinetic gene (ABCB1) has also been
reported to increase neurotoxicity, which explains the difference between Caucasian and
African American children [3,15,43].

Genetic alterations in pharmacodynamic pathways: A large genome wide association
study established allelic variation of the CEP72 gene, involved in microtubule formation,
as being significantly associated with vincristine neuropathy in children.

Interestingly, this variant is less common in African American than Caucasian individ-
uals, providing a second plausible explanation for the inter-race difference in VIPN [13]. A
further study that investigated polymorphisms in several pharmacodynamic genes also
found allelic variations that may alter the risk of neuropathy [43].

However, many other pharmacokinetic and pharmacodynamic genes have been
studied, and the findings require replication in other patient cohorts. The results high-
lighted the importance of adequate sample sizes and the precise definition of peripheral
neuropathy [43].

Genetic susceptibility to hereditary neuropathy: The third group of mutations are
those in hereditary neuropathy genes. Early and severe VIPN can occur as inherited
underlying susceptibility in the form of a clinical and subclinical hereditary neuropathy
such as Charcot-Marie-Tooth disease [3,40]. In the literature, pediatric cases presenting with
unexpected severe chemotherapy induced neurotoxicity have been reported, subsequently
diagnosed as having a previously unrecognized inherited neuropathy [44,45].

Assessing the impact of preexisting neuropathy on the development and severity
of CIPN is controversial because patients with preexisting neuropathy are themselves
excluded from clinical trials [46].

2.2. CIPN of Platinum Compounds

Platinum agents, above all cisplatin and carboplatin, are utilized in treatment regimens
for germ-cell tumors, osteosarcoma, neuroblastoma, CNS tumors, retinoblastoma, and
hepatoblastoma. Their toxicity profiles are remarkably different, provoking damage on
the dorsal root ganglion and consequently a primarily sensory neuropathy, with conse-
quent reduced sensory nerve action potentials at electroneurogram, reported years after
administration [6].

Cisplatin causes reversible peripheral sensory neuropathy, characterized by numbness,
tingling, paresthesias, and sometimes Lhermitte’s sign, which occurs most commonly when
high cumulative doses of cisplatin are administered [8–10]. Symptoms may persist for
months or years after the discontinuation of cisplatin. Irreversible loss of high auditory
frequencies also appears to be related to a high cumulative dose of cisplatin and generally
children under 5 years of age are most affected [7,47].

Cisplatin neurotoxicity may be attributed to its interference with biological enzymes in
metabolic pathways. Nevertheless, the incidence and characteristics of cisplatin peripheral
neuropathy in children are currently poorly described in the literature [3].

Cisplatin-induced ototoxicity is permanent and progressive, enhanced by concomitant
exposure to radiation therapy [48]. The consequences of hearing loss in children are
myriad and are especially impactful for patients who are treated when very young. These
consequences include the impairment of speech and language acquisition, psychosocial and
cognitive development, and educational and vocational achievement. Recently, sodium
thiosulfate has been studied as an otoprotectant; however, although it seems to decrease
the ototoxicity of cisplatin, its lack of selectivity would give it a tumor-protective property
that may limit the curative effect of chemotherapy [49].
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Platinum-based CIPN interferes with DNA repair mechanisms and causes DNA
damage, leading to neuronal apoptosis. The impairment of the physiological replication
and transcription of mtDNA, results in the synthesis of abnormal proteins, that cause
abnormalities in the mitochondria [50,51].

An altered concentration of Ca2+ may cause the activation of gene expression of
neuronal and glial cells, the alteration of membrane excitability, possible neurotransmitters
release and activation of calpain which, thanks to altered proteolysis, may determine
axonal degeneration [52,53]. Platinum compounds alter the activity of Na+, K+ and TRP
ion channels, resulting in the hyperexcitability of peripheral neurons and induce the
activation of glial cells, leading to the attraction and activation of immune cells and the
release of pro-inflammatory cytokines. This results in nociceptor sensitization by the
modulation of ion channel properties and hyperexcitability of peripheral neurons [54]. The
failure of mitochondrial functions has been theorized to underlie what in the clinic is called
“coasting” (off-therapy worsening of the symptoms) [50].

Carboplatin-based CIPN is a second generation platinum compound and it is con-
sidered less neurotoxic than cisplatin, but the frequent use combined with vincristine,
makes it difficult to appreciate its contribution to neurotoxicity. Carboplatin may cause
milder peripheral neuropathy than that associated with cisplatin [55] and is generally
uncommon [56].

Oxaliplatin-based CIPN is not commonly used in pediatric patients except in the
case of second-line therapies, for example in the GemOx regimen. In fact, Oxaliplatin
is the most neurotoxic of these compounds and is the only one that also produces an
acute neurotoxicity, characterized by cold-induced dysesthesias in the hands and mouth.
This is likely due to its effect of transient activation on voltage-gated sodium channels
of the peripheral nerves, as a result of the chelation of calcium that increases neuronal
excitability [12].

This acute neurotoxicity is temporally independent of cumulative sensory toxicity,
however, there is a correlation between the severity and duration of dysesthesiae and
the likelihood of developing chronic sensory neuropathy. These compounds result in
more prolonged neuropathic symptoms in comparison to other chemotherapy agents,
presumably due to the presence of irreversible damage to the dorsal root ganglion sensory
neuron [2,57].

2.3. CIPN of Anti-Microtubule Agents
2.3.1. Vinca Alkaloids CIPN

Vinca alkaloids (vincristine, vinblastine, vindesine, and vinorelbine) act on micro-
tubules, which causes their cytoskeletal disorganization and disorientation within axons,
leading to the inhibition of the vesicle-mediated transport of neurotransmitters and axonal
degeneration and denervation [13]. Vinca alkaloid exposure is related to an increased risk
of motor impairment and platinum exposure is related to an augmented risk of sensory
impairment [31,32]. They are often used in the pediatric population and typically cause a
length- and cumulative dose-dependent neuropathy, whose incidence increases with more
frequent dosing [58].

The different affinity for tubulin (decreasing in order vincristine, vinblastine, vi-
norelbine) might explain the distinct neurotoxicity [59]. Although vinca alkaloids have a
biological effect opposite to that of taxanes, their effect on axonal transport and mitochon-
dria function in neurons appears similar [60]. Indeed, preventing tubulin polymerization
from soluble dimers into microtubules, vincristine inhibits both fast and slow axonal
transport, which leads to Wallerian degeneration, altered activity of ion channels and the
hyperexcitability of peripheral neurons [11].

Vincristine is a key component of treatment regimens for acute lymphoblastic leukemia,
medulloblastoma, low-grade glioma, neuroblastoma, Wilms’ tumor, rhabdomyosarcoma,
lymphoma, Ewing’s sarcoma, and retinoblastoma, and is also the agent most frequently as-
sociated with peripheral neuropathy in children with a tumor [61,62]. Manifestations com-
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prise reduced deep tendon reflexes [14], foot and wrist drop, gait abnormalities, and muscle
weakness that may be asymmetrical [16,17], neurotic pain (jaw pain, muscle cramps), pares-
thesias and dysesthesia. Cranial motor nerves can be affected, causing a hoarse voice,
ptosis, eye movement disorders, and rarely optic neuropathy [18]. Autonomic nerve in-
volvement may underlie constipation, paralytic ileus, and urinary retention [16,17]. In the
majority of cases, these symptoms generally recover quickly if the drug is discontinued or
the dose is reduced.

Neurophysiological testing shows precocious changes in nerve conduction during
chemotherapy affecting approximately 25% of patients [3,13]. These alterations are mainly
motor, with reductions in muscle action potentials [63,64] that may be symmetric or asym-
metric, involving the lower and upper limbs [16,17]. In childhood cancer survivors, treated
with multiple cycles of vincristine, a persistent sensorimotor neuropathy was evident in
20–30% of patients, suggesting that vincristine related peripheral nerve changes can be
long lasting [3,31,65–68].

Vinblastine is a chemotherapy agent frequently used in pediatric regimens for low-
grade gliomas, Hodgkin’s lymphoma and desmoid tumors. Despite its structural similarity
to vincristine, vinblastine’s neurotoxicity is minimal and is less pronounced than that of
vincristine [19].

Vinorelbine, used in childhood relapsed or refractory leukemia, Hodgkin’s lymphoma,
sarcomas, and brain tumors, has a low incidence profile of peripheral neuropathy, mainly
causing constipation [4].

2.3.2. Taxane-Based CIPN

Taxane-based CIPN is a sensory neuropathy due to dying back axonopathy, typically
length-dependent, partially reversible after treatment suspension, and reported in 11–50%
of treated children [69]. Microtubules are important for the development and maintenance
of neurons, and serve as a track for anterograde and retrograde axonal transport of synaptic
vesicles [70–72]; its disruption leads to Wallerian degeneration [67] with hyperexcitability
of peripheral neurons. Nevertheless, taxanes are actually scarcely utilized in childhood
cancer and they are not part of the pediatric protocols used

2.4. CIPN of Proteasome Inhibitors

A new class of drugs, proteasome inhibitors, is being used in pediatric oncology; in
particular, the crucial role is played by bortezomib, used in leukemia and certain types
of lymphomas. These drugs express their actions by inhibiting proteasomes, the primary
intracellular protein degradation machinery, which results in the accumulation of cytoplas-
mic aggregates, including neurofilaments in neuronal cells [20,21]. Bortezomib causes a
dose- and length-dependent sensory axonal peripheral neuropathy. Dorsal root ganglia
neuronal cell bodies are the primary target of proteasome inhibition, with peripheral nerve
degeneration occurring later. The exact mechanism by which it causes neurotoxicity is
not entirely clear, although it seems to play a pivotal role in the alteration of sphingolipid
metabolism caused by mutations in serine palmitoyl transferase [22]. The neurotoxicity
appears to be more common in adults than children and can enhance the neurotoxicity of
vinorelbine or vincristine [73–75].

Ceramide and sphingosine-1 phosphate indeed play an important inflammatory and
nociceptive action; in particular, sphingosine-1 increases neuropathic pain by the release of
glutamate from the dorsal horn [76–78]. Bortezomib increases the production of TNF-α
and IL-1β, with an increase in sphingolipid metabolism within astrocytes [79]. Other mech-
anisms that seem to be important include nuclear accumulations of ubiquitinated proteins,
altered protein transcription in sensory ganglion neurons [80,81], the dysregulation of
mitochondrial calcium homoeostasis [20] and the interference with microtubule function
that leads to a decreased axonal transport [73,82]. Moreover, the blockade of nerve-growth-
factor-mediated neuronal survival through the inhibition of nuclear factor jB (NFjB) might
contribute to bortezomib-induced neuropathy. In addition, interfering with mitochondrial
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function, increases the production of ROS [73]. This leads to apoptotic changes, the hyper-
excitability of peripheral neurons, the release and elevation of pro-inflammatory cytokines,
and therefore to the attraction and activation of T-lymphocytes and monocytes. The new
generation of proteasome inhibitors, carfilzomib and ixazomib, seems to have a lower
incidence of CIPN [83].

2.5. Nelarabine CIPN

Nelarabine is an antimetabolite, a water-soluble pro-drug of arabinosylguanine nu-
cleotide triphosphate, purine analogue used for the treatment of relapsed refrac-tory T-cell
acute lymphoblastic leukemia and T-cell lymphoblastic lymphoma after two or more prior
treatment regimens, as bridge to stem cell transplantation [23,84]. The risk of neurotoxicity
may be greater in patients with a history of intrathecal che-motherapy or craniospinal
irradiation [85].

Neurological complications were somnolence and neuropathy that occurred typi-cally
within the first course of nelarabine therapy and is gradual at onset and reversi-ble [24].

These complications are dose-dependent [86], and mainly be related to prior che-
motherapy regimen with other neurotoxic agents [24].

Large fibre peripheral neuropathy (sensory or motor) was found in PNS toxicity [25].
In literature have also been described cases of Guillaine-Barrè Syndrome after re-

ceiving high-dose cytarabine in a bone marrow transplant conditioning regimen [24] and
cases of irreversible paraplegia [87,88].

Older adolescents have a poor prognosis compared to younger counterparts. In fact,
the 5-year overall survival for adolescents is 42–63%, while for children it is 86–89% [89].

2.6. CIPN Clinical Assessment

All pediatric patients exposed to neurotoxic agents during their cancer treatment
should be carefully screened for early signs and symptoms of possible peripheral neuropathy.

The most widely used clinical grading scale in each group is the National Cancer
Institute Common Terminology Criteria for Adverse Events, which if administered by
well-trained operators, is easy to use and has good reliability [90], although it is subject to
underestimation and variable inaccuracies with the age of the patient analyzed [90,91]. The
modified Balis Pediatric Scale incorporates more child-specific details but has also been
shown to have limited sensitivity [92].

The Total Neuropathy Score is commonly used in CIPN, with good reliability and
sensitivity [90,92,93]. A validated pediatric version of the TNS and its vincristine-specific
version, have been created specifically for the ages of 5–18 years [90–92].

Validated rating scales are not available for children younger than 5 years of age nor
for children with brain and CNS tumors, with whom CIPN assessment is an additional
challenge, as neurological deficits may pre-exist [4]. In general, electrodiagnostic tests
reported in the medical literature do not provide additional relevant information to routine
clinical management unless other diagnostic hypotheses are at stake or for research pur-
poses [6,17,18,34,63,64]. Neurophysiologic tests typically show more extended vincristine
motor axonopathy in children than in adults [67,68].

2.7. CIPN Clinical Neurophysiology

Neurophysiology provides evidence of nerve alterations with the possibility to detect
early functional changes sometimes prior to clinical symptoms, as well as understanding
the neuropathological mechanisms and organizing future prevention strategies (Table 2).
Neurophysiology is particularly useful in differential diagnosis from CIPN to other neu-
ropathies [94]. Abnormal Nerve Conduction Study (NCS) tends to be associated with
large fiber size involvement (proprioception, vibratory sensation and motor activation) and
well correlates with the clinical phenotype, giving the opportunity to better characterize
CIPN [95]. Typical NCS abnormalities seen in CIPN are characterized from axonal dam-
age: small or absent sensory responses, normal or slightly prolonged distal motor latency,
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small compound motor action potentials, normal or slightly reduced motor conduction
velocity, and normal or slightly prolonged F-wave minimum latency. Typically, conduction
block/temporal dispersion is not present or may disperse slightly [96].

Table 2. Neurophysiological features of peripheral features from various chemotherapy agents, used in pediatric cancer
protocols [46].

Chemotherapy NCS Findings EMG Findings

Distal or Proximal
Neuropathy

Axonal or
Demyelinating

Neuropathy

Sensory and/or Motor
Neuropathy (S/M)

Vincristine Distal or Distal >
Proximal;

Axonal; prolonged
DML SM or S > M neurogenic pattern

Cisplatin Distal; or Distal and
Proximal Axonal S

Oxaliplatin In acute stage: repetitive motor discharges associated with CMAP;
In chronic stage: distal S axonal

In acute stage: Fasciculations
and repetitive discharges; In

chronic stage: no chronic
neurogenic pattern

Bortezomib Axonal >S or SM
Nelarabine Axonal; GBS-like S or M

Although some clinical studies identified patients with neuropathy purely based on
their symptoms, neurophysiological exams are increasingly incorporated into CIPN assess-
ment protocols [97]. In particular, NCS has been shown to be useful in the early stage of
CIPN, identifying high-risk patients. However, in some cases, NCS does not travel parallel
to the clinical course and may not change later in the course of treatment [98]. Furthermore,
some clinical symptoms (particularly pain) may be seen without abnormalities in NCS [99].
Other literature data, conversely, reported a significant compound sensory nerve action po-
tential amplitude reduction developing prior to clinical symptoms [100]. The combination
of symptom and neurophysiological assessment, composite grading scales and functional
measures, provides the best overall description of CIPN. Moreover, neurophysiology has
shown promising application as an early surrogate biomarker for CIPN detection [100].

Primary involvement of CIPN is a sensory or sensorimotor axonal neuropathy [46]
(Table 2). The current gold standard for CIPN, recommended by the International Fed-
eration of Clinical Neurophysiology, is conventional NCS [101]. To provide quantitative
evidence for the prevention of CIPN and thus study its management, clinical trials that
include NCS biomarkers and patient outcome are important.

2.8. Therapeutic Options and Prevention Approach

The study of therapeutic approaches in pediatric CIPN is extremely sparse and mostly
limited to patients with vincristine-induced neuropathy [4]. Literature data reported a
moderate recommendation for treatment with duloxetine.

While a number of study trials have examined potentially neuroprotective therapies
for CIPN, a recent review in adults, as reported in the American Society of Clinical Oncology
(ASCO) guidelines, referred to a lack of quality [102].

The benefit of duloxetine has not yet been examined with objective assessment tools
such as neurophysiological studies.

Tricyclic antidepressants, pyridoxine, pyridostigmine, and a compound topical gel
containing baclofen, amitriptyline, and ketamine have been proposed based on their use
in other populations with neuropathic pain [102,103]. Of the many potential neuroprotec-
tive agents used in adults, the only ones that have been trialed are carbamazepine and
glutamic acid for the prevention of CIPN, and intravenous immunoglobulin, pyridox-
ine/pyridostigmine and gabapentin for treatment, with limited evidence for benefit [3,46].

Gabapentin and pregabalin have been used in various pediatric studies of vincristine-
induced neuropathy, but their efficacy has not been unequivocally established [104,105]. In
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the pediatric setting, dose reduction/discontinuation of treatment with the administration
of another drug is often considered when VIPN presents (especially if vincristine-related),
although there are no clear indications, and the choice is up to the clinician. However,
vincristine is a major component of curative therapy, so it should be reinstated or the dose
increased if necessary to the limits of tolerance. [40].

Non-steroidal anti-inflammatory drugs, gabapentin, amitriptyline/nortriptyline, as
well as opioids are often reliable first-line agents in the management of neuropathic pain
in children with cancer, but it has been concluded that randomized controlled trials are
desperately needed [106]. However, also recently there are few studies investigating
the role of opioids in the treatment of CIPN in children, and no standard protocols are
reported in the literature for CIPN treatment [107]. Recently, however, gabapentin and
tricyclic antidepressants as first-line therapy agents have been recommended. Methadone,
ketamine, and lidocaine may be useful adjuvants in selected patients [108]. As of today, in
pediatric settings, dose reduction or treatment interruption is often considered to prevent
or treat chemotherapy-induced neuropathy [4].

Despite the fact that drug therapy can attenuate pain symptoms, research also sup-
ports the use of nonpharmacologic interventions in children with cancer who develop
neuropathy [109]. Early rehabilitation and exercise in CIPN has not been fully undertaken.
Physiotherapy and occupational therapy, focused on exercise to maintain strength and func-
tion, as in other neuropathic conditions, would generally be considered important [3,46].

Rehabilitation strategies for children with CIPN should focus on improving deficits
(postural control, muscle weakness, fine motor skills), support the recovery of motor
control, and promote regular physical activity [110]. Loss of sensory function should also
be addressed with patient and family education [4].

Tomasello et al. [111] reported, in a preliminary study, that Scrambler Therapy, a
non-invasive cutaneous electrostimulation device, could be a promising aid for adolescents
with CIPN in pain control. Scrambler Therapy resulted in complete relief or a dramatic
reduction in CIPN pain and an improvement in QoL, which is also durable in follow-up. It
caused no detected side effects and can be successfully retrained.

CIPN usually progressively worsens, interfering with patients’ therapy and QoL,
as well as forcing the caregiver to reduce the optimal dose or the frequency of drug
administration. As a consequence, the prevention of CIPN is currently considered a crucial
issue. As of today, clear guidelines for the prevention of CIPN in the child population are
still missing [112]. Of the potential neuroprotective agents, the only ones that have been
trialed in the pediatric population are carbamazepine, glutamic acid and amifostine for the
prevention of CIPN, and intravenous immunoglobulin, pyridoxine/pyridostigmine and
gabapentin for treatment, with limited evidence (Level C) for benefit [3]. However, in a
recent review of VIPN (probably, the most well studied CIPN in the pediatric population)
has been reported that pyridoxine and pyridostigmine may induce an improvement in
symptoms while glutamic acid and glutamine may have a good preventive role [113].

A second phase III trial showed a potential otoprotective role of sodium thiosulfate
against cisplatin-induced hearing loss in children with cancer [114]. Calcium and mag-
nesium infusions for oxaliplatin-induced neuropathy have been associated with positive
preliminary data, but require further investigation [115]. Poor evidence and additional data
are necessary to understand the potential utility of other treatments: acupuncture, acetyl-L-
carnitine, alpha-lipoic acid, L-carnosine, cryo-compression therapy, exercise, goshajinkigan,
amifostine and metformin [116]. As of today, in pediatric settings, dose reduction or
treatment interruption is often considered to prevent or treat CIPN [4].

2.9. Long-Term Outcomes

With the increasing survival of the newer therapeutic schemes, long term CIPNs
are emerging.

Primarily in the case of platinum compounds and taxanes, CIPN may last several
years after the completion of chemotherapy [117]. On one hand, clinicians often perceive
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CIPN as an acceptable and necessary side effect of life saving therapy; on the other hand,
many patients judge these symptoms, which are often underappreciated by the clinicians,
as having an important impact on life quality. Indeed, in severe cases, CIPN can lead
to paresis, complete immobilization, significant disability and to a higher probability to
fall [118,119]. Autonomic disorder does not frequently occur but can be disabling.

Up to 30% of patients in treatment with cisplatin may experience CIPN even after
therapy is discontinued. Recovery can take more than a year and is usually incomplete [120].
Oxaliplatin CIPN is an important cause of treatment discontinuation; instead, its recovery is
generally faster and more complete [119,121]. While platinum based peripheral neuropathy
is mostly associated with sensory impairment, patients in treatment with vinca alkaloids
present an increased risk of motor impairment [119,120]. Vincristine neuropathy is often
dose limiting and sometimes coasting may be experienced; long-term outcomes are quite
good, and symptoms are usually reversible despite recovery potentially lasting for many
months [122]. In children with acute lymphoblastic leukemia, sequelae can be seen up to
several years after treatment conclusion [67,68]. Vinorelbine neuropathy usually recovers
after discontinuation.

Taxane treatment generally shows, with dose reduction, an improvement in symptoms.
CIPN may last for months or years after completing therapy with paclitaxel, although
half of patients generally get better over a period of months, often persisting with minor
symptoms and no interference with daily life activities [123].

Ixabepilone-based peripheral neuropathy is the cause of treatment interruption in up
to 25% of patients. Symptoms generally get better in a few months with dose reduction or
with treatment interruption [124,125], and for this reason it is recommended to reduce the
dose at sensory neuropathy grade 2 and stop the treatment at grade 3 [115].

Bortezomib neuropathy is reversible within 3–4 months in the majority of patients
with dose reduction or drug discontinuation [21,125].

Clinicians should be aware of the dimensions that this problem can reach and of
the fact that cancer survivors may need medical monitoring and treatment for a long
time; knowledge of CIPN risk factors and symptoms permits the assessment of the best
therapeutical scheme for each patient [126].

3. Autoimmune Peripheral Neuropathy (APN)

The pathogenesis of neural cytotoxicity and CIPN [127] is due to inflammation, and
drug direct activity [128,129]. In particular, chemotherapy induces: an increased pro-
duction and release of pro-inflammatory cytokines; an upregulation of the expression of
chemokines, including CCL2 and CX3CL1—in sensory neurons, this promotes the increase
in CCL1, IL-6, IL-1β, and IL-15 mRNA expression and consequently macrophage activation
and infiltration of the dorsal root ganglia (DRG) in CIPN [52,130]; mitochondrial DNA
damage and defects in electron transport chain proteins, leading to mitochondrial dysfunc-
tion [131] (Figure 1); and an increase in ROS within cells, which can lead to mitochondrial
apoptosis, inflammation, and subsequent nerve degeneration.

ROS can also damage phospholipids, resulting in demyelination, oxidized proteins,
and an increase in carbonyl by-products, which can impair antioxidant enzymes, and
destroy microtubules. Intracellular ROS can also increase pro-inflammatory mediators
leading to peripheral nociceptor over-excitation [132,133].

The damage of peripheral nerves exposes epitopes. As chemotherapeutic agents have
been correlated with the activation of the immune system [134], an abnormal response can
lead to APN (Table 3). This happens when immunologic tolerance to key antigenic sites on
the myelin, axon, nodes of Ranvier or ganglionic neurons is lost. The immune response
to an infection/inflammatory event can induce a cross-reaction with peripheral nerve
components (myelin and axon of peripheral nerve) because of the sharing of cross-reactive
epitopes (molecular mimicry) [135], leading to an acute polyneuropathy.



J. Clin. Med. 2021, 10, 3016 12 of 27

Figure 1. Cells and cytokines involved in chemotherapy damage (created by Biorender.com, accessed on 12 February 2021).

APN in pediatrics include [149] Guillain-Barré syndrome (GBS) and variants, such as
Miller Fisher syndrome. Other APNs such as chronic inflammatory demyelinating polyneu-
ropathy (CIDP) [150,151], multifocal motor neuropathy (MMN) [150] and paraproteinemic
demyelinating polyneuropathy [151] are almost exclusively found in adults.

Guillain-Barré syndrome rarely occurs after drugs. It is the most frequent form of
acquired polyneuropathy caused by demyelination; in particular, it can also be correlated
with malignancies, probably due to the depression of the immune system by long-term
intensive chemotherapy [152]. GBS is an immune-mediated disorder triggered by an infec-
tion/inflammatory event that on one side leads to an activation of immune system cells
(such as macrophages, glial cells) and the production of proinflammatory chemokines; this
induces inflammation that can result in axonal and myelin sheath damage with conse-
quent demyelination. On the other hand, antibodies against external antigens can lead to
complement fixation and may cross-react with specific gangliosides at nerve membranes
and subsequently damage Schwann cells [153,154], leading again to demyelination or
axonal damage or both [155]. This molecular mimicry, in combination with complement
activation, leads to nerve dysfunction and symptoms of GBS. Several of these antiganglio-
side antibodies are frequently present (35–40% of cases) in the serum samples obtained
during the acute phase and are associated with specific subtypes of GBS (anti-GM1a, anti-
GM1b, anti-GD1a, and anti-GalNAc-GD1a in acute motor axonal neuropathy (AMAN),
and especially anti-GQ1b in Miller Fisher syndrome) [150]. The major forms are acute in-
flammatory demyelinating polyradiculoneuropathy (AIDP), Miller Fisher syndrome (MFS
main features are ophthalmoplegia, ataxia, and areflexia), AMAN, and acute sensorimotor
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axonal neuropathy (AMSAN) (Table 4). Symptoms and signs usually progress within 1
to 2 weeks. Clinically it is manifested by acute distal muscular weakness up to flaccid
paralysis, with symmetrical and ascending course, a lack of reflexes and mild to moderate
sensory disturbances. Few cases of GBS are associated with platinum compounds in the
literature [147,148]. It is an immune-mediated, non-dose-related side effect. Platinum com-
pounds may act as triggers of autoimmunity by inducing an elevation of proinflammatory
cytokines (TNF-α and IL-6) and by enhancing anticancer immune responses, which induce
an immune reaction towards myelin antigen [146].

Table 3. Autoimmune peripheral manifestations related to chemotherapeutic agents, used in pediatric cancer protocols.

Chemotherapeutic
Agent

Mechanisms of Immunity
Dysregulation APN Features

Immune checkpoint
inhibitors (ICIs)

ICIs enhance production of cytokines
(IL-6 and IL-17) and produce an alternate

Treg/Th17 with consequent abnormal
T-regulatory (Treg) cell function and

humoral immunity [128–130].

Demyelination: chronic inflammatory demyelinating
polyneuropathy (CIDP), Guillain-Barrè syndrome and

Miller Fisher variant. Sensorimotor polyneuropathy,
autoimmune myopathy, overlaps of myasthenia gravis with

myositis and/or myocarditis, acute motor and sensory
axonal neuropathy (AMSAN), and myasthenia gravis

(anti-MuSK negative) are also reported [136–141].

Vinka alkaloids Immunodepression secondary to
intensive chemotherapy [142].

Acute inflammatory demyelinating
polyradiculoneuropathy: examining findings from nerve

conduction velocity studies and performing lumbar
puncture helps to differentiate between vinca alkaloid
neurotoxicity and acute inflammatory demyelinating

polyradiculoneuropathy [143].

Proteasome inhibitors

Both T-cell and humoral immune attack
against peripheral nerve myelin,

vasculitis-induced nerve ischemia, and
inhibition of signaling support for axons

[144].

Severe polyradiculoneuropathy.
Cases of demyelinating or mixed axonal-demyelinating

neuropathy, with prominent motor involvement,
albumin-cytological dissociation and lumbar root

enhancement on Magnetic Resonance Imaging have been
reported in the literature [144,145].

Platinum Compounds

Increase in proinflammatory cytokines
(TNF-α and IL-6) and enhancement of
anticancer immune responses, which
induce an immune reaction towards

myelin antigen [146].

Anecdotal cases of Guillain-Barrè syndromes [147,148].

Table 4. Major form of autoimmune neuropathy and related antibodies.

Subtype Antibodies

AMAN Anti-GM1a/b, Anti-GD1a GalNAc-GD1

AMSAN Anti-GM1 Anti-GD1a Anti-GM1b

AIDP AntiGM2

MFS Anti-GQ1b

3.1. Immune Checkpoint Inhibitor(ICI)-Induced APN

Immune checkpoint inhibitors (ICIs) such as ipilimumab, nivolumab, and pem-
brolizumab act by blocking CTLA4 and/or PD-1/PD-L1 pathways and upregulating
the immune system. Normally, these receptor ligand interactions give a “turn off” message,
which which orders T cells not to attack the tumor [156]. ICIs prevent CTLA-4 or PD-1
from binding to their respective receptors, and consequently inhibition signaling is blocked,
thus T lymphocytes are free to kill cancer cells (Figure 2).



J. Clin. Med. 2021, 10, 3016 14 of 27

Figure 2. Immune checkpoint pathway PDL1: Programmed Death-Ligand 1; CTL-4: Cytotoxic T Lymphocyte Antigen 4;
CD80: Cluster of Differentiation 80; MHC: Major Histocompatibility Complex; TCR: T Cell Receptor; PD1: Programmed
Death 1 (Created by Biorender.com, accessed on 1 December 2020).

ICIs enhance Th1 and Th-17 cell responses and the production of cytokines (IL-6 and
IL-17) that lead to abnormal T-regulatory (Treg) cell function and humoral immunity [156].
Many autoimmune diseases are related to an altered Treg/Th17 cell axis. Demyelination
is the primary underlying mechanism of neuropathy following ICI therapy. Described
side effects of ICIs [157] are: myasthenia gravis (anti-MuSK negative) in 2% of patients,
chronic inflammatory demyelinating polyneuropathy (CIDP) (described in 36 patients to
date [136,137]), sensorimotor polyneuropathy, autoimmune myopathy, Guillain-Barre syn-
drome (in 0.25% of patients treated with ICIs [138]) and its sometimes fatal variants [139],
overlaps of MG with myositis and/or myocarditis. Other ICI-related neuromuscular com-
plications are GBS (the second most common), Miller Fisher syndrome [140], and acute
motor and sensory axonal neuropathy (AMSAN) [141].

3.2. Vinca Alkaloid-Induced APN

The pathogenesis of acute inflammatory demyelinating polyradiculoneuropathy in
children undergoing intense chemotherapy could be related to secondary immunodepres-
sion. Immune system neoplasms can trigger acute inflammatory demyelinating polyradicu-
loneuropathy as some viral infections do [142]. Cases of GBS have been reported following
the onset of vincristine therapy [158]; for example, a patient with acute lymphoblastic
leukemia developed a fulminant motor polyradiculoneuropathy resembling an axonal
variant of GBS after a few weeks of vincristine therapy [158,159].

Biorender.com


J. Clin. Med. 2021, 10, 3016 15 of 27

Guillain-Barré syndrome may be a possible explanation for the severe and unexpected
quadriparesis that may occur in patients with acute leukemia or lymphoma treated with
vincristine [160].

Differential diagnosis between vinca alkaloid neurotoxicity and acute inflammatory
demyelinating polyradiculoneuropathy can be made by examining nerve conduction
velocity and performing a lumbar puncture (which points out albumin-cytological dis-
sociation). Patients with Charcot-Marie-Tooth disease can express a severe and acute
vincristine-induced neuropathy [43,143].

Fulminant neuropathy with severe motor involvement in association with vincristine
therapy has been observed in patients with underlying Charcot-Marie-Tooth disease [161,162].

3.3. Proteasome Inhibitor Induced APN

Bortezomib can lead to a severe polyradiculoneuropathy, with an immune-mediated
mechanism affecting the function and survival of immune cells such as lymphocytes and
dendritic cells. Similarly to immunosuppressive or immunomodulating agents (such as
TNFα antagonists), the damage induced by bortezomib can be related to a T-cell and
humoral immune attack against peripheral nerve myelin, vasculitis-induced nerve is-
chemia, and inhibition of signaling support for axons [144]. There have been reported
cases of demyelinating or mixed axonal-demyelinating neuropathy, with prominent motor
involvement, albumin-cytological dissociation and lumbar root enhancement on MRI [145].

Chemotherapeutic agents can damage peripheric neuronal structures such as Schwann
cells, myelin and axons in two ways: (1) inducing inflammation, and a consequent increase
in proinflammatory cytokines and the exposition of self-epitopes; (2) the activation of the
immune system against self-antigens leading to an APN. Nevertheless, further studies will
clarify the exact pathogenesis and the proportion of patients affected by this chemotherapy-
induced APN.

4. Radiation-Induced Peripheral Neuropathy (RIPN)

Radiation may cause damage to various tissues, such as the skin, lymph nodes, periph-
eral vessels, and peripheral nervous system [163]. Among these complications, neurological
malfunctions represent a rare but impacting problem on the QoL of long-term cancer sur-
vivors that may lead to sensory and motor impairments in the extremities [164,165].

RIPN is usually irreversible and may appear many years after irradiation and its
incidence will eventually increase due to the improved survival and longer life expectancy
of patients treated when they were children [166].

At present, there is still a lack of important epidemiological studies and we must con-
sider, regardless, RIPN as a rare complication of cancer treatment. RIPN may present with
paresthesias, pain, loss of sensation, weakness and atrophy, which may differ depending
on the amplitude of irradiated volume, the radio-sensibility of the irradiated tissue and the
anatomic region involved [166].

Diagnosis is often difficult to make. In fact, it is difficult to differentiate neoplastic
and radiation-induced plexopathy only from clinical features, although is possible to
consider severe pain more suggestive of a neoplastic involvement than paresthesias, more
likely referable to the radiation-induced lesion. Diagnosis may be guided by clues such
as cutaneous and subcutaneous atrophy, radiotherapy tattoo marks, and combining extra-
neurological signs (sternoclavicular osteoradionecrosis, radiation-induced cardiopathy,
enteritis, or multiple basal cell skin carcinoma) [166]. Due to the lack of symptom specificity,
diagnosis is based on neurological expertise, electrophysiological tests, MRI, PET scans and
collaboration with the radiotherapist to determine the irradiation volume and site [166].
RIPN is currently a rare and mostly delayed complication of radiotherapy and the impact
on the lives of long-surviving patients being treated for pediatric cancer is not yet well
established. Clinicians need to be aware of the characteristics with which RIPN can
manifest, to properly address differential diagnosis and to accurately manage symptoms.
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4.1. Pathophysiology of RIPN

The exact pathophysiology underlying RIPN is not yet fully understood. Direct effects
of radiations on Schwann cells and microvessels, causing demyelination and ischemia,
seem to play an essential role in the alterations of the nerves’ environment, in the triggering
of fibrosis and consequently in the onset of neuropathy [163,166]. Radiation-induced
fibrosis is a dynamic process that involves fibroblast proliferation, extracellular matrix
deposition, transforming growth factor ß1, connective tissue growth factor, and oxygen
free radicals, varying from inflammation to sclerosis over several years, resulting in nerve
compression in addition to direct axonal damage [166]. Histologic studies include in the
pathophysiologic mechanisms, in addition to classical fibrosis, the formation of multiple
nerve root cavernomas [167]. Factors influencing the risk and severity of RIPN in cancer
survivors are not specific. Anyway, some radiotherapy-related factors have been identified
such as a large total dose, large dose per fraction, large number of nerve fibers included
in the irradiation field, heterogeneous distribution of high doses, and radiotherapy of
previously treated areas [166].

4.2. Clinical Features

Brachial plexopathy: Radiation-induced brachial plexopathy rarely occurs as a moder-
ately reversible syndrome, or much more frequently as a delayed and progressive syndrome
in patients irradiated to chest or head and neck (lymphoma, Hodgkin’s lymphomas, tho-
racic and apical lung masses, etc.) [167,168]. Neurologic symptoms could appear from a
few months up to more than 10 years later after radiotherapy (peak 2–4 years) [169]. There
is an approximate correlation between the risk of delayed brachial plexopathy and the
total radiation dose, establishing 56 Gy as the “threshold dose” [170]. The clinical onset of
brachial plexopathy is often insidious, manifesting with paresthesia or dysesthesia, which
may evolve into hypoesthesia and anesthesia, rather than with pain- and progressive motor
weakness in a C6–T1 distribution, which is sometimes associated with fasciculations and
amyotrophy [166]. Additionally the severity is variable, resulting in some cases of paralysis
of the upper limb. This disorder may be accompanied by lymphoedema, which is generally
due to high-dose radiotherapy or combined node exeresis and may cause an enhancement
of the plexus compression [166].

Lumbosacral plexopathy: Post-radiation damage to the lumbosacral plexus most
commonly occurs after the treatment of pelvic and testicular tumors, or tumors that involve
para-aortic lymph nodes [171–173]. A mild and reversible plexopathy may occur a few
months after radiotherapy, while a severe and delayed neuropathy may occur after 5 years
of latency, presenting with slowly, progressive, asymmetric and bilateral leg weakness [173].
Additionally, in radiation-induced lumbosacral plexopathy, pain is usually absent [173].

Radiation-induced spinal cord injury occurs after extraneural paraspinal primary
tumor irradiation, and less often in patients treated for spinal gliomas or who have under-
gone craniospinal irradiation. The most common form of radiation myelopathy is transient,
usually occurring about 6 months after treatment, and manifesting with paresthesias and
Lhermitte’s syndrosme. There is also a generally delayed form of severe radiation myelopa-
thy (1–2 years after radiation therapy) that presents with numbness or dysesthesia of the
legs, possibly progressing to weakness and sphincter dysfunction, usually without pain. In
most patients, the neurological deficit progresses, leading in 50% of patients to paraplegia
or quadriplegia, with difficult recovery [174].

4.3. Treatment of RIPN

Treatment options for patients with RIPN are limited and currently not satisfactory.
The principal concern is to treat symptoms, as there is currently no curative strategy. The
best approach always includes prevention in respect of radiotherapy dose limits. If a pain
component is present, treatment with analgesics, benzodiazepines, tricyclic antidepressants
and antiepileptics is generally effective; benzodiazepines and quinine may be used for
paraesthesias and cramps, while carbamazepine may reduce nerve hyperexcitability [166].
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Vitamins B1–B6 are often proposed for their neuroprotective effects, but there is no evidence
of their efficacy in RIPN [166]. Physical therapy helps maintain function and prevent joint
complications, which can exacerbate pain and restrict movement [166]. Due to vascular
damage, heparin and warfarin have been used with the intent of retarding the progres-
sion of radiation fibrosis, with neurologic improvement described in a few patients [175].
Surgical neurolysis is an additional treatment option that rarely relieves motor or sensory
impairments, and it is unclear whether it can slow the progression of deficits. Surgical
methods have not proven useful to date in the management of RIPN [166,174]. Evidence for
the benefit of hyperbaric oxygen on radiation-induced fibrosis is not clear, and the literature
is populated by studies that have reported undefined complications and fail to demonstrate
neurologic benefit [166,174,176]. The removal of triggers that can exacerbate it helps control
the progression of RIPN, such as controlling high blood pressure, diabetes and alcohol
abuse. Controlling acute inflammation with corticosteroids may also be useful in containing
the extent and intensity of fibrosis, but there is a lack of objectivity regarding their ability
to reduce nerve fiber fibrosis [166]. A combination of pentoxifyllin and tocopherol has
been proved to be effective in reducing radiation-induced fibrosis [177], inducing symptom
stabilization more than neurologic improvement [178]. A combination of pentoxifyllin and
tocopherol with clodronate (Pentoclo) showed an improved outcome [179].

RIPN is currently a rare and mostly delayed complication of radiotherapy, the impact
of which on the lives of long-surviving patients treated for pediatric cancer is not yet
well established. Clinicians need to be aware of the characteristics with which radiation-
induced neuropathy can manifest in order to properly address differential diagnosis and to
accurately manage symptoms. It is auspicious that in the future more studies with large
cohorts focused on ex-pediatric patients will be conducted, so that future efforts will be
directed toward modulating the use of radiation therapy, ensuring the best efficacy and
best QoL.

5. Enteric Nervous System and Chemotherapy-Induced Enteric Neurotoxicity

The enteric nervous system (ENS) comprises an intricate network of neurons dis-
tributed in two major ganglionated plexi (myenteric and submucosal) and other cells
including interstitial cells of Cajal and enteric glial cells distributed along the gastroin-
testinal (GI) tract. The myenteric plexus is located between the circular and longitudinal
layer of the muscularis externa and provides motor innervation to muscle layers of the GI
tract, whereas the submucosal plexus innervates the epithelium and submucosal vessels
controlling vascular tone and water and electrolyte balance [180].

Changes in the density and morphology of enteric neurons, so called enteric neuropa-
thy, have been implicated in a wide range of GI disorders including achalasia, Hirschsprung’s
disease, slow-transit constipation and chronic intestinal pseudo-obstruction [181,182]. En-
teric neuropathies are emerging as key players in chemotherapy-induced GI dysfunc-
tion [183]. Significant enteric neuronal loss and functional and structural changes in
myenteric neurons correlated with effects on GI motility and have been reported in animal
models [184–186] and colonic samples of adult patients receiving chemotherapy [187]. In
a mouse model, cisplatin administration significantly reduces the number of myenteric
neurons in the gastric fundus and colon and is able to alter the proportion of a certain
subpopulation of neurons in the myenteric plexus increasing the expression of neuronal
nitric oxide synthase-immunoreactive (nNOS-IR) neurons and reducing the expression of
calcitonin genre-related-immunoreactive neurons. These neuronal changes correlate with
reduced upper GI and colonic transit [185,186]. Similarly, oxaliplatin (OXL) administration
induces neuronal loss in the myenteric and submucosal plexus of the small and large bowel,
causing a significant increase in the proportion of nNOS-IR colonic neurons, which is corre-
lated with a reduction in muscle thickness and colonic contractility [187,188]. Interestingly,
it has been found that co-treatment of OXL with BGP-15, a cytoprotectant, and an antioxi-
dant, resveratrol, improved neuronal survival and related GI dysfunction, emphasizing
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the ENS as a promising therapeutic target for the prevention of chemotherapy-induced
enteric neuropathy [189,190].

In a mous model, 5-Fluorouracil (5-FU) administration is associated with damage to
the epithelial brush border and the loss of colonic crypts and goblet cells. McQuade et al.
demonstrated that this acute inflammation was associated with the loss of excitatory and
inhibitory neurons in the myenteric plexus, and that these changes were correlated with
delayed GI transit and colonic dysmotility [191]. Interestingly, the inhibition of enteric
gliosis by s100β blocker, pentamidine, prevented 5-FU-induced intestinal inflammation,
oxidative stress, neuronal loss, enteric glia activation, and histological changes in mice [186].
In a mouse model treatment with irinotecan significantly reduces the number of myenteric
neurons and increases the proportion of choline acetyltransferase (ChAT)-IR neurons and
vesicular acetylcholine transporter (vAChT)-IR fibers in the myenteric plexus of the distal
colon. These ENS changes correlated with increased GI transit time and diarrhea [192]. A
recent study further demonstrated that following vincristine administration in rats, the pro-
portion of nNOS-IR myenteric neurons in the distal colon was significantly increased [193].

Although no data are available in pediatric patients, during the first stages of life
the intestine is outlined by an immature immune system, an altered intestinal perme-
ability and a premature microbiota development, being more liable to different type of
injuries [194]. Of note, chemotherapy-induced mucositis during an early, vulnerable pe-
riod of neural plasticity could lead to long-lasting hypersensitivity that outlasts the acute
inflammation [195].

6. Critical Illness Polyneuropathy in Pediatric Cancer

Critical illness polyneuropathy (CIP) is a rare entity in pediatric age that was reported
for the first time by Bolton et al. in 1984. It represents a serious adverse event that may
complicate the course of leukemia or other malignancies in pediatric patients [196]. CIP
is a distal motor and sensory axonal polyneuropathy, often with additional myopathic
involvement regarding severely ill patients in critical conditions, especially when they
are admitted to the pediatric intensive care unit. Pediatric cancer patients have a higher
risk of entering PICUs for complications related to therapy and disease, such as tumor
lysis syndrome or immunosuppression and infections [197]. Risk factors of childhood
CIP have not been understood; however, sepsis, asthma and transplantation may be
responsible [198]. The etiology is attributable to the accumulation of neurotoxic factors with
reduced microvascular circulation caused by endoneural hypoxia with distal axonopathy
of both sensory and motor nerves as a result of its impairment of axonal transport and
action potential generation [196,197,199]. In the case of systemic inflammatory response
syndrome, edema of nerves is caused by interactions of inflammatory cytokines and
adhesion molecules that cause microvascular dilatation with vascular permeability [196].

Electrophysiology features are a loss of both compound muscle and sensory nerve
action potentials [197]. Pediatric CIP remains poorly described, and histopathological
features have been reported with severe axonal neuropathy, but demyelination has not
been described [200].

The timing of the presentation of CIP is not clearly correlated with specific leukemia
therapy [197,200]. Hirabayashi et al. [201] reported a particular CIP in a 15-year-old-
boy affected by acute lymphoblastic leukemia with a Bacillus cereus sepsis in the post-
chemotherapeutic neutropenia phase. The authors postulated that neutrophils have a
functional capacity as powerful mediators of tissue inflammation. The mortality of CIP in
children seems to be less than in adults, but effective treatment of CIP at present is only
rehabilitation therapy; there is no preventive therapy for CIP, but intensive insulin therapy
and the maintenance of normoglycemia have been reported to reduce the incidence of CIP
by 44% and overall mortality during intensive care by more than 40% [193]. The long-term
outcome of pediatric CIP is unclear but has been reported with a 50% chance of complete
recovery [202].
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7. Conclusions

Peripheral neuropathy is a well described complication in pediatric cancer.
Presently, peripheral neuropathy is a challenging complication in chemotherapy-

treated patients who may present with other possible causes of peripheral nerve damage
when chemotherapy is administered and already shows paresthesia or dysesthesia be-
fore the start of treatment. Depending on the type of nerve damage, motor, sensory, or
autonomic symptoms can be present. Neuropathies directly resulting from lymphomas
are quite rare, as well as paraneoplastic neuropathy and cancer-associated vasculitic neu-
ropathies. Complications of radiotherapy, including plexopathies, lower motor neuron
syndrome, cranial nerve dysfunction and exceptional peripheral nerve tumors, have now
been well reported. Oncologists are generally well aware of the toxicity of therapies, but
the side effects of newer drugs are always to be feared and discovered, as illustrated by the
complications reported with bortezomib. As chemotherapeutic agents have been correlated
with the activation of immune systems (CIPN), an abnormal response can lead to APN.
This happens when immunologic tolerance to myelin or axonal antigens is lost. APN
includes acute/subacute neuropathy such as GBS and variants or chronic neuropathies
such as CIDP or MMN. The incidence of APN as a chemotherapeutic side effect depends on
the type of drug administered. Despite different mechanisms of immunity dysregulation
and types of chemotherapeutic agents, APN typically presents with demyelination features
with the exception of the few axonal variants of polyradiculoneuropathies.

Less frequent but more severe may be RIPN because radiation may cause irreversible
PNS damage and also may appear years after irradiation, and its incidence will eventually
increase due to the improved survival and longer life expectancy of patients treated when
they were children. The severity of radiation is probably directly correlated to direct nerve
damage, reactive fibrosis and the formation of multiple nerve root cavernomas.

The recommendation to screen children receiving anticancer therapy for peripheral
neuropathy is essential in order to establish a correct treatment strategy. It is also im-
portant to point out that neuropathy can persist even after the end of anticancer therapy
despite proper management. There is a need for further studies to improve knowledge of
how inherited genetic variants contribute to the susceptibility and severity of peripheral
neuropathy secondary to cancer therapy. In addition, better surveillance strategies are
needed, particularly for young children and those with CNS tumors. Finally, more research
is needed on pharmacological agents for the prevention or treatment of the condition,
as well as rehabilitation interventions in order to give patients appropriate and effective
anticancer therapy and ensure the alleviation of toxicity associated with pain and functional
deterioration.

Author Contributions: Conceptualization and validation, S.P., A.M., P.P. and U.R.; writing—first
draft preparation, A.B., M.S., M.V. (Margherita Velardi), A.M.C., E.F., F.B., I.A. and G.D.N.; writing—
reviewing and editing of the paper in the pre-submission step, S.P., A.B., A.M. and U.R.; supervision,
L.V., A.C., M.V. (Massimiliano Valeriani), A.R. and P.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank Megan Eckley for helping in the English final version.

Conflicts of Interest: The authors declare that they have no potential conflict of interest with respect
to the research, authorship, and/or publication of this article.

References
1. Pike, C.T.; Birnbaum, H.G.; Muehlenbein, C.E.; Pohl, G.M.; Natale, R.B. Healthcare costs and workloss burden of patients with

chemotherapy-associated peripheral neuropathy in breast, ovarian, head and neck, and nonsmall cell lung cancer. Chemother. Res.
Pract. 2012, 913848. [CrossRef] [PubMed]

2. Starobova, H.; Vetter, I. Pathophysiology of chemotherapy-induced peripheral neuropathy. Front. Mol. Neurosci. 2017, 31, 174.
[CrossRef]

http://doi.org/10.1155/2012/913848
http://www.ncbi.nlm.nih.gov/pubmed/22482054
http://doi.org/10.3389/fnmol.2017.00174


J. Clin. Med. 2021, 10, 3016 20 of 27

3. Kandula, T.; Park, S.B.; Cohn, R.J.; Krishnan, A.V.; Farrar, M.A. Pediatric chemotherapy induced peripheral neuropathy: A
systematic review of current knowledge. Cancer Treat. Rev. 2016, 50, 118–128. [CrossRef] [PubMed]

4. Bjornard, K.L.; Gilchrist, L.S.; Inaba, H.; Diouf, B.; Hockenberry, M.J.; Kadan-Lottick, N.S.; Bowers, D.C.; Dolan, M.E.; Ullrich,
N.J.; Evans, W.E.; et al. Peripheral neuropathy in children and adolescents treated for cancer. Lancet Child. Adolesc. Health. 2018,
10, 744–754. [CrossRef]

5. Park, S.B.; Goldstein, D.; Krishnan, A.V.; Lin, C.S.; Friedlander, M.L.; Cassidy, J.; Koltzenburg, M.; Kiernan, M.C. Chemotherapy-
induced peripheral neurotoxicity: A critical analysis. CA Cancer J. Clin. 2013, 63, 419–437. [CrossRef] [PubMed]

6. Kandula, T.; Farrar, M.A.; Cohn, R.J.; Mizrahi, D.; Carey, K.; Johnston, K.; Kiernan, M.C.; Krishnan, A.V.; Park, S.B. Chemotherapy-
induced peripheral neuropathy in long-term survivors of childhood cancer: Clinical, neurophysiological, functional, and
patient-reported outcomes. JAMA Neurol. 2018, 75, 980–988. [CrossRef] [PubMed]

7. McHaney, V.A.; Thibadoux, G.; Hayes, F.A.; Green, A.A. Hearing loss in children receiving cisplatin chemotherapy. J. Pediatr.
1983, 102, 314–317. [CrossRef]

8. Mollman, J.E. Cisplatin neurotoxicity. N. Engl. J. Med. 1990, 322, 126–127. [CrossRef]
9. Tuxen, M.K.; Hansen, S.W. Neurotoxicity secondary to antineoplastic drugs. Cancer Treat. Rev. 1994, 20, 191–214. [CrossRef]
10. Cvitkovic, E. Cumulative toxicities from cisplatin therapy and current cytoprotective measures. Cancer Treat. Rev. 1998, 24,

265–281. [CrossRef]
11. Geisler, S.; Doan, R.A.; Strickland, A.; Huang, X.; Milbrandt, J.; DiAntonio, A. Prevention of vincristine-induced peripheral

neuropathy by genetic deletion of SARM1 in mice. Brain 2016, 139, 3092–3108. [CrossRef]
12. Sittl, R.; Lampert, A.; Huth, T.; Schuy, E.T.; Link, A.S.; Fleckenstein, J.; Alzheimer, C.; Grafe, P.; Carr, R.W. Anticancer drug

oxaliplatin induces acute cooling-aggravated neuropathy via sodium channel subtype Na(V)1.6-resurgent and persistent current.
Proc. Natl. Acad. Sci. USA 2012, 109, 6704–6709. [CrossRef] [PubMed]

13. Mora, E.; Smith, E.M.; Donohoe, C.; Hertz, D.L. Vincristine-induced peripheral neuropathy in pediatric cancer patients. Am. J.
Cancer Res. 2016, 6, 2416–2430. [PubMed]

14. Lavoie Smith, E.M.; Li, L.; Chiang, C.; Thomas, K.; Hutchinson, R.J.; Wells, E.M.; Ho, R.H.; Skiles, J.; Chakraborty, A.; Bridges,
C.M.; et al. Patterns and severity of vincristine-induced peripheral neuropathy in children with acute lymphoblastic leukemia. J.
Peripher. Nerv. Syst. 2015, 20, 37–46. [CrossRef]

15. Egbelakin, A.; Ferguson, M.J.; MacGill, E.A.; Lehmann, A.S.; Topletz, A.R.; Quinney, S.K.; Li, L.; McCammack, K.C.; Hall, S.D.;
Renbarger, J.L. Increased risk of vincristine neurotoxicity associated with low CYP3A5 expression genotype in children with
acute lymphoblastic leukemia. Pediatr. Blood Cancer 2011, 56, 361–367. [CrossRef] [PubMed]

16. Purser, M.J.; Johnston, D.L.; McMillan, H.J. Chemotherapy-induced peripheral neuropathy among Paediatric Oncology Patients.
Can. J. Neurol. Sci. 2014, 41, 442–447. [CrossRef]

17. Courtemanche, H.; Magot, A.; Ollivier, Y.; Rialland, F.; Leclair-Visonneau, L.; Fayet, G.; Camdessanché, J.P.; Péréon, Y. Vincristine-
induced neuropathy: Atypical electrophysiological patterns in children. Muscle Nerve 2015, 52, 981–985. [CrossRef]

18. Bay, A.; Yilmaz, C.; Yilmaz, N.; Oner, A.F. Vincristine induced cranial polyneuropathy. Indian J. Pediatr. 2006, 73, 531–533.
[CrossRef] [PubMed]

19. Lassaletta, A.; Scheinemann, K.; Zelcer, S.M.; Hukin, J.; Wilson, B.A.; Jabado, N.; Carret, A.S.; Lafay-Cousin, L.; Larouche,
V.; Hawkins, C.E.; et al. Phase II weekly vinblastine for chemotherapy-naïve children with progressive low-grade glioma: A
canadian pediatric brain tumor consortium study. J. Clin. Oncol. 2016, 34, 3537–3543. [CrossRef]

20. Cavaletti, G.; Gilardini, A.; Canta, A.; Rigamonti, L.; Rodriguez-Menendez, V.; Ceresa, C.; Marmiroli, P.; Bossi, M.; Oggioni, N.;
D’Incalci, M.; et al. Bortezomib-induced peripheral neurotoxicity: A neurophysiological and pathological study in the rat. Exp.
Neurol. 2007, 204, 317–325. [CrossRef]

21. Schiff, D.; Wen, P.Y.; van den Bent, M.J. Neurological adverse effects caused by cytotoxic and targeted therapies. Nat. Rev. Clin.
Oncol. 2009, 6, 596–603. [CrossRef]

22. Dawkins, J.L.; Hulme, D.J.; Brahmbhatt, S.B.; Auer-Grumbach, M.; Nicholson, G.A. Mutations in SPTLC1, encoding serine
palmitoyltransferase, long chain base subunit-1, cause hereditary sensory neuropathy type I. Nat. Genet. 2001, 27, 309–312.
[CrossRef]

23. Dunsmore, K.P.; Winter, S.S.; Devidas, M.; Wood, B.L.; Esiashvili, N.; Chen, Z.; Eisenberg, N.; Briegel, N.; Hayashi, R.J.; Gastier
Foster, J.M.; et al. Children’s Oncology Group AALL0434: A Phase III Randomized Clinical Trial Testing Nelarabine in Newly
Diagnosed T-Cell Acute Lymphoblastic Leukemia. J. Clin. Oncol. 2020, 38, 3282–3293. [CrossRef]

24. DeAngelo, D.J. Nelarabine for the treatment of patients with relapsed or refractory T-cell acute lymphoblastic leukemia or
lymphoblastic lymphoma. Hematol. Oncol. Clin. N. Am. 2009, 23, 1121–1135, vii–viii. [CrossRef] [PubMed]

25. Ewins, K.; Malone, A.; Phelan, E.; Webb, D.; McHugh, J.C.; Smith, O. Nelarabine-induced peripheral and central neurotoxicity:
Can sequential MRI brain imaging help to define its natural history? Br. J. Haematol. 2017, 294–297. [CrossRef] [PubMed]

26. Stone, J.B.; DeAngelis, L.M. Cancer-treatment-induced neurotoxicity—Focus on newer treatments. Nat. Rev. Clin. Oncol. 2016, 13,
92–105. [CrossRef] [PubMed]

27. Langholz, B.; Skolnik, J.M.; Barrett, J.S.; Renbarger, J.; Seibel, N.L.; Zajicek, A.; Arndt, C.A. Dactinomycin and vincristine toxicity
in the treatment of childhood cancer: A retrospective study from the Children’s Oncology Group. Pediatr. Blood Cancer 2011, 57,
252–257. [CrossRef]

http://doi.org/10.1016/j.ctrv.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/27664395
http://doi.org/10.1016/S2352-4642(18)30236-0
http://doi.org/10.3322/caac.21204
http://www.ncbi.nlm.nih.gov/pubmed/24590861
http://doi.org/10.1001/jamaneurol.2018.0963
http://www.ncbi.nlm.nih.gov/pubmed/29799906
http://doi.org/10.1016/S0022-3476(83)80551-4
http://doi.org/10.1056/NEJM199001113220210
http://doi.org/10.1016/0305-7372(94)90027-2
http://doi.org/10.1016/S0305-7372(98)90061-5
http://doi.org/10.1093/brain/aww251
http://doi.org/10.1073/pnas.1118058109
http://www.ncbi.nlm.nih.gov/pubmed/22493249
http://www.ncbi.nlm.nih.gov/pubmed/27904761
http://doi.org/10.1111/jns.12114
http://doi.org/10.1002/pbc.22845
http://www.ncbi.nlm.nih.gov/pubmed/21225912
http://doi.org/10.1017/S0317167100018461
http://doi.org/10.1002/mus.24647
http://doi.org/10.1007/BF02759902
http://www.ncbi.nlm.nih.gov/pubmed/16816519
http://doi.org/10.1200/JCO.2016.68.1585
http://doi.org/10.1016/j.expneurol.2006.11.010
http://doi.org/10.1038/nrclinonc.2009.128
http://doi.org/10.1038/85879
http://doi.org/10.1200/JCO.20.00256
http://doi.org/10.1016/j.hoc.2009.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19825456
http://doi.org/10.1111/bjh.14921
http://www.ncbi.nlm.nih.gov/pubmed/28961308
http://doi.org/10.1038/nrclinonc.2015.152
http://www.ncbi.nlm.nih.gov/pubmed/26391778
http://doi.org/10.1002/pbc.22882


J. Clin. Med. 2021, 10, 3016 21 of 27

28. Gilchrist, L.S.; Tanner, L.R.; Ness, K.K. Short-term recovery of chemotherapy-induced peripheral neuropathy after treatment for
pediatric non-CNS cancer. Pediatr. Blood Cancer 2017, 64, 180–187. [CrossRef]

29. Moore, R.J.; Groninger, H. Chemotherapy-induced peripheral neuropathy in pediatric cancer patients. Cureus 2013, 5, e124.
[CrossRef]

30. Gilchrist, L. Chemotherapy-induced peripheral neuropathy in pediatric cancer patients. Semin. Pediatr. Neurol. 2012, 19, 9–17.
[CrossRef]

31. Ness, K.K.; Hudson, M.M.; Pui, C.H.; Green, D.M.; Krull, K.R.; Huang, T.T.; Robison, L.L.; Morris, E.B. Neuromuscular
impairments in adult survivors of childhood acute lymphoblastic leukemia: Associations with physical performance and
chemotherapy doses. Cancer 2012, 118, 828–838. [CrossRef]

32. Ness, K.K.; Jones, K.E.; Smith, W.A.; Spunt, S.L.; Wilson, C.L.; Armstrong, G.T.; Srivastava, D.K.; Robison, L.L.; Hudson, M.M.;
Gurney, J.G. Chemotherapy-related neuropathic symptoms and functional impairment in adult survivors of extracranial solid
tumors of childhood: Results from the St. Jude Lifetime Cohort Study. Arch. Phys. Med. Rehabil. 2013, 94, 1451–1457. [CrossRef]

33. Varedi, M.; McKenna, R.; Lamberg, E.M. Balance in children with acute lymphoblastic leukemia. Pediatr. Int. 2017, 59, 293–302.
[CrossRef]

34. Tay, C.G.; Lee, V.W.M.; Ong, L.C.; Goh, K.J.; Ariffin, H.; Fong, C.Y. Vincristine-induced peripheral neuropathy in survivors of
childhood acute lymphoblastic leukaemia. Pediatr. Blood Cancer 2017, 64. [CrossRef] [PubMed]

35. Jordan, M.A.; Wilson, L. Microtubules as a target for anticancer drugs. Nat. Rev. Cancer 2004, 4, 253–265. [CrossRef] [PubMed]
36. Cavaletti, G.; Alberti, P.; Argyriou, A.A.; Lustberg, M.; Staf, N.P.; Tamburin, S. Chemotherapy-induced peripheral neurotoxicity:

A multifaceted, still unsolved issue. J. Peripher. Nerv. Syst. 2019, 24, S6–S12. [CrossRef] [PubMed]
37. Moriyama, B.; Henning, S.A.; Leung, J.; Falade-Nwulia, O.; Jarosinski, P.; Penzak, S.R.; Walsh, T.J. Adverse interactions between

antifungal azoles and vincristine: Review and analysis of cases. Mycoses 2012, 55, 290–297. [CrossRef]
38. Teusink, A.C.; Ragucci, D.; Shatat, I.F.; Kalpatthi, R. Potentiation of vincristine toxicity with concomitant fluconazole prophylaxis

in children with acute lymphoblastic leukemia. Pediatr. Hematol. Oncol. 2012, 29, 62–67. [CrossRef]
39. Bhushan, B.; Bhargava, A.; Kasundra, G.M.; Shubhakaran, K.; Sood, I. Guillain-Barre syndrome in acute lymphoblastic leukemia:

Causal or coincidental. J. Pediatr. Neurosci. 2015, 10, 64–66. [CrossRef]
40. Beutler, A.S.; Kulkarni, A.A.; Kanwar, R.; Klein, C.J.; Therneau, T.M.; Qin, R.; Banck, M.S.; Boora, G.K.; Ruddy, K.J.; Wu, Y.; et al.

Sequencing of Charcot-Marie-Tooth disease genes in a toxic polyneuropathy. Ann. Neurol. 2014, 76, 727–737. [CrossRef]
41. van de Velde, M.E.; Kaspers, G.L.; Abbink, F.C.H.; Wilhelm, A.J.; Ket, J.C.F.; van den Berg, M.H. Vincristine-induced peripheral

neuropathy in children with cancer: A systematic review. Crit. Rev. Oncol. Hematol. 2017, 114, 114–130. [CrossRef]
42. Kuehl, P.; Zhang, J.; Lin, Y.; Lamba, J.; Assem, M.; Schuetz, J.; Watkins, P.B.; Daly, A.; Wrighton, S.A.; Hall, S.D.; et al. Sequence

diversity in CYP3A promoters and characterization of the genetic basis of polymorphic CYP3A5 expression. Nat. Genet. 2001, 27,
383–391. [CrossRef] [PubMed]

43. Brigo, F.; Balter, R.; Marradi, P.; Ferlisi, M.; Zaccaron, A.; Fiaschi, A.; Frasson, E.; Bertolasi, L. Vincristine-related neuropathy
versus acute inflammatory demyelinating polyradiculoneuropathy in children with acute lymphoblastic leukemia. J. Child.
Neurol. 2012, 27, 867–874. [CrossRef]

44. Aghajan, Y.; Yoon, J.M.; Crawford, J.R. Severe vincristine-induced polyneuropathy in a teenager with anaplastic medulloblastoma
and undiagnosed Charcot-Marie-Tooth disease. BMJ Case Rep. 2017, 2017, bcr2016218981. [CrossRef] [PubMed]

45. Chauvenet, A.R.; Shashi, V.; Selsky, C.; Morgan, E.; Kurtzberg, J.; Bell, B. Pediatric Oncology Group Study. Vincristine-induced
neuropathy as the initial presentation of charcot-marie-tooth disease in acute lymphoblastic leukemia: A Pediatric Oncology
Group study. J. Pediatr. Hematol. Oncol. 2003, 25, 316–320. [CrossRef] [PubMed]

46. Kandula, T.; Farrar, M.A.; Kiernan, M.C.; Krishnan, A.V.; Goldstein, D.; Horvath, L.; Grimison, P.; Boyle, F.; Baron-Hay, S.; Park,
S.B. Neurophysiological and clinical outcomes in chemotherapy-induced neuropathy in cancer. Clin. Neurophysiol. 2017, 128,
1166–1175. [CrossRef]

47. Li, Y.; Womer, R.B.; Silber, J.H. Predicting cisplatin ototoxicity in children: The influence of age and the cumulative dose. Eur. J.
Cancer 2004, 40, 2445–2451. [CrossRef]

48. Paulino, A.C.; Lobo, M.; The, B.S.; Okcu, M.F.; South, M.; Butler, E.B.; Su, J.; Chintagumpala, M. Ototoxicity after intensity-
modulated radiation therapy and cisplatin-based chemotherapy in children with medulloblastoma. Int. J. Radiat. Oncol. Biol.
Phys. 2010, 78, 1445–1450. [CrossRef]

49. Freyer, D.R.; Brock, P.R.; Chang, K.W.; Dupuis, L.L.; Epelman, S.; Knight, K.; Mills, D.; Phillips, R.; Potter, E.; Risby, D.; et al.
Prevention of cisplatin-induced ototoxicity in children and adolescents with cancer: A clinical practice guideline. Lancet Child.
Adolesc. Health 2020, 4, 141–150. [CrossRef]

50. Podratz, J.L.; Knight, A.M.; Ta, L.E.; Staff, N.P.; Gass, J.M.; Genelin, K.; Schlattau, A.; Lathroum, L.; Windebank, A.J. Cisplatin
induced mitochondrial DNA damage in dorsal root ganglion neurons. Neurobiol. Dis. 2011, 41, 661–668. [CrossRef]

51. Canta, A.; Pozzi, E.; Carozzi, V.A. Mitochondrial dysfunction in chemotherapy-induced peripheral neuropathy (CIPN). Toxics
2015, 3, 198–223. [CrossRef] [PubMed]

52. Carozzi, V.A.; Canta, A.; Chiorazzi, A. Chemotherapy-induced peripheral neuropathy: What do we know about mechanisms?
Neurosci. Lett. 2015, 596, 90–107. [CrossRef]

53. Wang, J.T.; Medress, Z.A.; Barres, B.A. Axon degeneration: Molecular mechanisms of a self-destruction pathway. J. Cell Biol. 2012,
196, 7–18. [CrossRef]

http://doi.org/10.1002/pbc.26204
http://doi.org/10.7759/cureus.124
http://doi.org/10.1016/j.spen.2012.02.011
http://doi.org/10.1002/cncr.26337
http://doi.org/10.1016/j.apmr.2013.03.009
http://doi.org/10.1111/ped.13141
http://doi.org/10.1002/pbc.26471
http://www.ncbi.nlm.nih.gov/pubmed/28139029
http://doi.org/10.1038/nrc1317
http://www.ncbi.nlm.nih.gov/pubmed/15057285
http://doi.org/10.1111/jns.12337
http://www.ncbi.nlm.nih.gov/pubmed/31647155
http://doi.org/10.1111/j.1439-0507.2011.02158.x
http://doi.org/10.3109/08880018.2011.624163
http://doi.org/10.4103/1817-1745.154358
http://doi.org/10.1002/ana.24265
http://doi.org/10.1016/j.critrevonc.2017.04.004
http://doi.org/10.1038/86882
http://www.ncbi.nlm.nih.gov/pubmed/11279519
http://doi.org/10.1177/0883073811428379
http://doi.org/10.1136/bcr-2016-218981
http://www.ncbi.nlm.nih.gov/pubmed/28438772
http://doi.org/10.1097/00043426-200304000-00010
http://www.ncbi.nlm.nih.gov/pubmed/12679647
http://doi.org/10.1016/j.clinph.2017.04.009
http://doi.org/10.1016/j.ejca.2003.08.009
http://doi.org/10.1016/j.ijrobp.2009.09.031
http://doi.org/10.1016/S2352-4642(19)30336-0
http://doi.org/10.1016/j.nbd.2010.11.017
http://doi.org/10.3390/toxics3020198
http://www.ncbi.nlm.nih.gov/pubmed/29056658
http://doi.org/10.1016/j.neulet.2014.10.014
http://doi.org/10.1083/jcb.201108111


J. Clin. Med. 2021, 10, 3016 22 of 27

54. Jin, X.; Gereau, R.W., 4th. Acute p38-mediated modulation of tetrodotoxin-resistant sodium channels in mouse sensory neurons
by tumor necrosis factor-alpha. J. Neurosci. 2006, 26, 246–255. [CrossRef] [PubMed]

55. van der Vijgh, W.J. Clinical pharmacokinetics of carboplatin. Clin. Pharmacol. 1991, 21, 242–261. [CrossRef]
56. Loss, J.F.; Santos, P.P.; Leone, L.D.; Brunetto, A.L. Outcome of pediatric recurrent and refractory malignant solid tumors following

ifosfamide/carboplatin/etoposide (ICE): A phase II study in a pediatric oncology centre in Brazil. Pediatr. Blood Cancer 2004, 42,
139–144. [CrossRef]

57. Staff, N.P.; Podratz, J.L.; Grassner, L.; Bader, M.; Paz, J.; Knight, A.M.; Loprinzi, C.L.; Trushina, E.; Windebank, A.J. Bortezomib
alters microtubule polymerization and axonal transport in rat dorsal root ganglion neurons. Neurotoxicology 2013, 39, 124–131.
[CrossRef]

58. Sandler, S.G.; Tobin, W.; Henderson, E.S. Vincristine-induced neuropathy. A clinical study of fifty leukemic patients. Neurology
1969, 19, 367–374. [CrossRef] [PubMed]

59. Lobert, S.; Vulevic, B.; Correia, J.J. Interaction of vinca alkaloids with tubulin: A comparison of vinblastine, vincristine, and
vinorelbine. Biochemistry 1996, 35, 6806–6814. [CrossRef]

60. Chan, S.Y.; Worth, R.; Ochs, S. Block of axoplasmic transport in vitro by vinca alkaloids. J. Neurobiol. 1980, 11, 251–264. [CrossRef]
[PubMed]

61. Hudson, M.M.; Neglia, J.P.; Woods, W.G.; Sandlund, J.T.; Pui, C.H.; Kun, L.E.; Robison, L.L.; Green, D.M. Lessons from the past:
Opportunities to improve childhood cancer survivor care through outcomes investigations of historical therapeutic approaches
for pediatric hematological malignancies. Pediatr. Blood Cancer 2012, 58, 334–343. [CrossRef] [PubMed]

62. Green, D.M.; Kun, L.E.; Matthay, K.K.; Meadows, A.T.; Meyer, W.H.; Meyers, P.A.; Spunt, S.L.; Robison, L.L.; Hudson, M.M.
Relevance of historical therapeutic approaches to the contemporary treatment of pediatric solid tumors. Pediatr. Blood Cancer
2013, 60, 1083–1094. [CrossRef]

63. Yildiz, F.G.; Temucin, Ç.M. Vincristine-induced neurotoxicity: Electrophysiological features in children. Neurol. Res. 2016, 38,
124–129. [CrossRef]

64. Kavcic, M.; Koritnik, B.; Krzan, M.; Velikonja, O.; Prelog, T.; Stefanovic, M.; Debeljak, M.; Jazbec, J. Electrophysiological studies to
detect peripheral neuropathy in children treated with vincristine. J. Pediatr. Hematol. Oncol. 2017, 39, 266–271. [CrossRef]

65. Harila-Saari, A.H.; Vainionpää, L.K.; Kovala, T.T.; Tolonen, E.U.; Lanning, B.M. Nerve lesions after therapy for childhood acute
lymphoblastic leukemia. Cancer 1998, 82, 200–207. [CrossRef]

66. Lehtinen, S.S.; Huuskonen, U.E.; Harila-Saari, A.H.; Tolonen, U.; Vainionpää, L.K.; Lanning, B.M. Motor nervous system
impairment persists in long-term survivors of childhood acute lymphoblastic leukemia. Cancer 2002, 94, 2466–2473. [CrossRef]

67. Jain, P.; Gulati, S.; Seth, R.; Bakhshi, S.; Toteja, G.S.; Pandey, R.M. Vincristine-induced neuropathy in childhood ALL (acute
lymphoblastic leukemia) survivors: Prevalence and electrophysiological characteristics. J. Child. Neurol. 2014, 29, 932–937.
[CrossRef]

68. Ramchandren, S.; Leonard, M.; Mody, R.J.; Donohue, J.E.; Moyer, J.; Hutchinson, R.; Gurney, J.G. Peripheral neuropathy in
survivors of childhood acute lymphoblastic leukemia. J. Peripher. Nerv. Syst. 2009, 14, 184–189. [CrossRef]

69. Hayashi, R.J.; Blaney, S.; Sullivan, J.; Weitman, S.; Vietti, T.; Bernstein, M.L. Pediatric Oncology Group Study. Phase 1 study
of Paclitaxel administered twice weekly to children with refractory solid tumors: A pediatric oncology group study. J. Pediatr.
Hematol. Oncol. 2003, 25, 539–542. [CrossRef]

70. Shemesh, O.A.; Spira, M.E. Paclitaxel induces axonal microtubules polar reconfiguration and impaired organelle transport:
Implications for the pathogenesis of paclitaxel-induced polyneuropathy. Acta Neuropathol. 2010, 119, 235–248. [CrossRef]
[PubMed]

71. LaPointe, N.E.; Morfini, G.; Brady, S.T.; Feinstein, S.C.; Wilson, L.; Jordan, M.A. Effects of eribulin, vincristine, paclitaxel and
ixabepilone on fast axonal transport and kinesin-1 driven microtubule gliding: Implications for chemotherapy-induced peripheral
neuropathy. Neurotoxicology 2013, 37, 231–239. [CrossRef] [PubMed]

72. Bober, B.G.; Shah, S.B. Paclitaxel alters sensory nerve biomechanical properties. J. Biomech. 2015, 48, 3559–3567. [CrossRef]
73. Zheng, H.; Xiao, W.H.; Bennett, G.J. Mitotoxicity and bortezomib-induced chronic painful peripheral neuropathy. Exp. Neurol.

2012, 238, 225–234. [CrossRef] [PubMed]
74. Messinger, Y.H.; Gaynon, P.S.; Sposto, R.; van der Giessen, J.; Eckroth, E.; Malvar, J.; Bostrom, B.C. Therapeutic Advances in

Childhood Leukemia & Lymphoma (TACL) Consortium. Bortezomib with chemotherapy is highly active in advanced B-precursor
acute lymphoblastic leukemia: Therapeutic Advances in Childhood Leukemia & Lymphoma (TACL) Study. Blood 2012, 120,
285–290. [CrossRef]

75. Keller, S.; Seipel, K.; Novak, U.; Mueller, B.U.; Taleghani, B.M.; Leibundgut, K.; Pabst, T. Neurotoxicity of stem cell mobilization
chemotherapy with vinorelbine in myeloma patients after bortezomib treatment. Leuk. Res. 2015, 39, 786–792. [CrossRef]

76. Salvemini, D.; Doyle, T.; Kress, M.; Nicol, G. Therapeutic targeting of the ceramide-to- sphingosine 1-phosphate pathway in pain.
Trends. Pharmacol. Sci. 2013, 34, 110–118. [CrossRef]

77. Stockstill, K.; Doyle, T.M.; Yan, X.; Chen, Z.; Janes, K.; Little, J.W.; Braden, K.; Lauro, F.; Giancotti, L.A.; Harada, C.M.; et al.
Dysregulation of sphingolipid metabolism contributes to bortezomib-induced neuropathic pain. J. Exp. Med. 2018, 215, 1301–1313.
[CrossRef]

78. Emery, E.C.; Wood, J.N. Gaining on pain. N. Engl. J. Med. 2018, 379, 485–487. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.3858-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16399694
http://doi.org/10.2165/00003088-199121040-00002
http://doi.org/10.1002/pbc.10375
http://doi.org/10.1016/j.neuro.2013.09.001
http://doi.org/10.1212/WNL.19.4.367
http://www.ncbi.nlm.nih.gov/pubmed/5813374
http://doi.org/10.1021/bi953037i
http://doi.org/10.1002/neu.480110304
http://www.ncbi.nlm.nih.gov/pubmed/6156229
http://doi.org/10.1002/pbc.23385
http://www.ncbi.nlm.nih.gov/pubmed/22038641
http://doi.org/10.1002/pbc.24487
http://doi.org/10.1080/01616412.2016.1139321
http://doi.org/10.1097/MPH.0000000000000825
http://doi.org/10.1002/(SICI)1097-0142(19980101)82:1&lt;200::AID-CNCR25&gt;3.0.CO;2-5
http://doi.org/10.1002/cncr.10503
http://doi.org/10.1177/0883073813491829
http://doi.org/10.1111/j.1529-8027.2009.00230.x
http://doi.org/10.1097/00043426-200307000-00008
http://doi.org/10.1007/s00401-009-0586-0
http://www.ncbi.nlm.nih.gov/pubmed/19727778
http://doi.org/10.1016/j.neuro.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23711742
http://doi.org/10.1016/j.jbiomech.2015.07.020
http://doi.org/10.1016/j.expneurol.2012.08.023
http://www.ncbi.nlm.nih.gov/pubmed/22947198
http://doi.org/10.1182/blood-2012-04-418640
http://doi.org/10.1016/j.leukres.2015.03.015
http://doi.org/10.1016/j.tips.2012.12.001
http://doi.org/10.1084/jem.20170584
http://doi.org/10.1056/NEJMcibr1803720


J. Clin. Med. 2021, 10, 3016 23 of 27

79. Zajączkowska, R.; Kocot-Kępska, M.; Leppert, W.; Wrzosek, A.; Mika, J.; Wordliczek, J. Mechanisms of chemotherapy-induced
peripheral neuropathy. Int. J. Mol. Sci. 2019, 20, 1451. [CrossRef] [PubMed]

80. Casafont, I.; Berciano, M.T.; Lafarga, M. Bortezomib induces the formation of nuclear poly(A) RNA granules enriched in Sam68
and PABPN1 in sensory ganglia neurons. Neurotox. Res. 2010, 17, 167–178. [CrossRef] [PubMed]

81. Palanca, A.; Casafont, I.; Berciano, M.T.; Lafarga, M. Proteasome inhibition induces DNA damage and reorganizes nuclear
architecture and protein synthesis machinery in sensory ganglion neurons. Cell Mol. Life Sci. 2014, 71, 1961–1975. [CrossRef]

82. Meregalli, C.; Chiorazzi, A.; Carozzi, V.A.; Canta, A.; Sala, B.; Colombo, M.; Oggioni, N.; Ceresa, C.; Foudah, D.; La Russa, F.; et al.
Evaluation of tubulin polymerization and chronic inhibition of proteasome as citotoxicity mechanisms in bortezomib-induced
peripheral neuropathy. Cell Cycle 2014, 13, 612–621. [CrossRef]

83. Kumar, S.K.; Berdeja, J.G.; Niesvizky, R.; Lonial, S.; Laubach, J.P.; Hamadani, M.; Stewart, A.K.; Hari, P.; Roy, V.; Vescio, R.;
et al. Safety and tolerability of ixazomib, an oral proteasome inhibitor, in combination with lenalidomide and dexamethasone
in patients with previously untreated multiple myeloma: An open-label phase 1/2 study. Lancet Oncol. 2014, 15, 1503–1512.
[CrossRef]

84. Berg, S.L.; Blaney, S.M.; Devidas, M.; Lampkin, T.A.; Murgo, A.; Bernstein, M.; Billett, A.; Kurtzberg, J.; Reaman, G.; Gaynon, P.;
et al. Phase II study of nelarabine (compound 506U78) in children and young adults with refractory T-cell malignancies: A report
from the Children’s Oncology Group. J. Clin. Oncol. 2005, 23, 3376–3382. [CrossRef]

85. Ngo, D.; Patel, S.; Kim, E.J.; Brar, R.; Koontz, M.Z. Nelarabine neurotoxicity with concurrent intrathecal chemotherapy: Case
report and review of literature. J. Oncol. Pharm. Pract. 2015, 21, 296–300. [CrossRef]

86. Kurtzberg, J.; Ernst, T.J.; Keating, M.J.; Gandhi, V.; Hodge, J.P.; Kisor, D.F.; Lager, J.J.; Stephens, C.; Levin, J.; Krenitsky, T.; et al.
Phase I study of 506U78 administered on a consecutive 5-day schedule in children and adults with refractory hematologic
malignancies. J. Clin. Oncol. 2005, 23, 3396–3403. [CrossRef]

87. Papayannidis, C.; Iacobucci, I.; Abbenante, M.C.; Curti, A.; Paolini, S.; Parisi, S.; Baccarani, M.; Martinelli, G. Complete paraplegia
after nelarabine treatment in a T-cell acute lymphoblastic leukemia adult patient. Am. J. Hematol. 2010, 85, 608. [CrossRef]

88. Gollard, R.P.; Selco, S. Irreversible myelopathy associated with nelaribine in T-cell acute lymphoblastic leukemia. J. Clin. Oncol.
2013, 3, e327–e331. [CrossRef] [PubMed]

89. Pui, C.H.; Carroll, W.L.; Meshinchi, S.; Arceci, R.J. Biology, risk stratification, and therapy of pediatric acute leukemias: An update.
J. Clin. Oncol. 2011, 29, 551–565. [CrossRef] [PubMed]

90. Gilchrist, L.S.; Tanner, L. The pediatric-modified total neuropathy score: A reliable and valid measure of chemotherapy-induced
peripheral neuropathy in children with non-CNS cancers. Support. Care Cancer 2013, 2, 847–856. [CrossRef] [PubMed]

91. Gilchrist, L.S.; Marais, L.; Tanner, L. Comparison of two chemotherapy-induced peripheral neuropathy measurement approaches
in children. Support. Care Cancer 2014, 22, 359–366. [CrossRef]

92. Lavoie Smith, E.M.; Li, L.; Hutchinson, R.J.; Ho, R.; Burnette, W.B.; Wells, E.; Bridges, C.; Renbarger, J. Measuring vincristine-
induced peripheral neuropathy in children with acute lymphoblastic leukemia. Cancer Nurs. 2013, 36, E49–E60. [CrossRef]
[PubMed]

93. Cavaletti, G.; Cornblath, D.R.; Merkies, I.S.J.; Postma, T.J.; Rossi, E.; Frigeni, B.; Alberti, P.; Bruna, J.; Velasco, R.; Argyriou, A.A.;
et al. The chemotherapy-induced peripheral neuropathy outcome measures standardization study: From consensus to the first
validity and reliability findings. Ann. Oncol. 2013, 24, 454–462. [CrossRef] [PubMed]

94. Chen, X.; Haggiagi, A.; Tzatha, E.; DeAngelis, L.M.; Santomasso, B. Electrophysiological findings in immune checkpoint
inhibitor-related peripheral neuropathy. Clin. Neurophysiol. 2019, 130, 1440–1445. [CrossRef]

95. Griffith, K.A.; Dorsey, S.G.; Renn, C.L.; Zhu, S.; Johantgen, M.E.; Cornblath, D.R.; Argyriou, A.A.; Cavaletti, G.; Merkies, I.S.;
Alberti, P.; et al. Correspondence between neurophysiological and clinical measurements of chemotherapy-induced peripheral
neuropathy: Secondary analysis of data from the CI-PeriNomS study. J. Peripher. Nerv. Syst. 2014, 19, 127–135. [CrossRef]

96. Mallik, A.; Weir, I. Nerve conduction studies: Essentials and pitfalls in practice. J. Neurol. Neurosurg. Psychiatry 2005, 76 (Suppl.
2), ii23–ii31. [CrossRef]

97. Cavaletti, G.; Frigeni, B.; Lanzani, F.; Mattavelli, L.; Susani, E.; Alberti, P.; Cortinovis, D.; Bidoli, P. Chemotherapy-Induced
Peripheral Neurotoxicity assessment: A critical revision of the currently available tools. Eur. J. Cancer 2010, 463, 479–494.
[CrossRef]

98. Kokotis, P.; Schmelz, M.; Kostouros, E.; Karandreas, N.; Dimopoulos, M.A. Oxaliplatin-induced neuropathy: A long-term clinical
and neurophysiologic follow-up study. Clin. Colorectal. Cancer 2016, 15, e133–e140. [CrossRef]

99. Chen, X.; Stubblefield, M.D.; Custodio, C.M.; Hudis, C.A.; Seidman, A.D.; DeAngelis, L.M. Electrophysiological features of
taxane-induced polyneuropathy in patients with breast cancer. J. Clin. Neurophysiol. 2013, 30, 199–203. [CrossRef]

100. Mileshkin, L.; Stark, R.; Day, B.; Seymour, J.F.; Zeldis, J.B.; Prince, H.M. Development of neuropathy in patients with myeloma
treated with thalidomide: Patterns of occurrence and the role of electrophysiologic monitoring. J. Clin. Oncol. 2006, 24, 4507–4514.
[CrossRef]

101. Fuglsang-Frederiksen, A.; Pugdahl, K. Current status on electrodiagnostic standards and guidelines in neuromuscular disorders.
Clin. Neurophysiol. 2011, 122, 440–455. [CrossRef]

102. Hershman, D.L.; Lacchetti, C.; Dworkin, R.H.; Lavoie Smith, E.M.; Bleeker, J.; Cavaletti, G.; Chauhan, C.; Gavin, P.; Lavino, A.;
Lustberg, M.B.; et al. Prevention and management of chemotherapy-induced peripheral neuropathy in survivors of adult cancers:
American Society of Clinical Oncology clinical practice guideline. J. Clin. Oncol. 2014, 32, 1941–1967. [CrossRef]

http://doi.org/10.3390/ijms20061451
http://www.ncbi.nlm.nih.gov/pubmed/30909387
http://doi.org/10.1007/s12640-009-9086-1
http://www.ncbi.nlm.nih.gov/pubmed/19609631
http://doi.org/10.1007/s00018-013-1474-2
http://doi.org/10.4161/cc.27476
http://doi.org/10.1016/S1470-2045(14)71125-8
http://doi.org/10.1200/JCO.2005.03.426
http://doi.org/10.1177/1078155214528018
http://doi.org/10.1200/JCO.2005.03.199
http://doi.org/10.1002/ajh.21719
http://doi.org/10.1200/JCO.2012.45.4728
http://www.ncbi.nlm.nih.gov/pubmed/23715575
http://doi.org/10.1200/JCO.2010.30.7405
http://www.ncbi.nlm.nih.gov/pubmed/21220611
http://doi.org/10.1007/s00520-012-1591-8
http://www.ncbi.nlm.nih.gov/pubmed/22993026
http://doi.org/10.1007/s00520-013-1981-6
http://doi.org/10.1097/NCC.0b013e318299ad23
http://www.ncbi.nlm.nih.gov/pubmed/23842524
http://doi.org/10.1093/annonc/mds329
http://www.ncbi.nlm.nih.gov/pubmed/22910842
http://doi.org/10.1016/j.clinph.2019.03.035
http://doi.org/10.1111/jns5.12064
http://doi.org/10.1136/jnnp.2005.069138
http://doi.org/10.1016/j.ejca.2009.12.008
http://doi.org/10.1016/j.clcc.2016.02.009
http://doi.org/10.1097/WNP.0b013e3182767d3b
http://doi.org/10.1200/JCO.2006.05.6689
http://doi.org/10.1016/j.clinph.2010.06.025
http://doi.org/10.1200/JCO.2013.54.0914


J. Clin. Med. 2021, 10, 3016 24 of 27
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