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Summary

Peripheral neuropathy ranks among the most common
non-haematological adverse effects of a number of effective
chemotherapeutic agents, including platinum compounds,
taxanes and vinca alkaloids. Newer agents, such as borte-
zomib, thalidomide and lenalidomide, frequently exert simi-
lar neurotoxic effects on peripheral nerves.

Chemotherapy-induced peripheral neuropathy (CIPN)
may result from a variety of mechanisms and may be related
to causal factors, such as single dose per course, cumulative
dose and risk factors including treatment schedule, prior or
concomitant administration of other neurotoxic agents, age
and pre-existing peripheral neuropathy of other causes.

The symptoms usually begin during chemotherapy and
they may even worsen after cessation of treatment. In most of
the cases, patients experience positive (pain, paresthesias) or
negative (numbness) sensory symptoms in distal extremities

Introduction

Peripheral neuropathy ranks among the most
common non-haematological side effects of a number
of effective chemotherapeutic agents, including plati-
num compounds, taxanes and vinca alkaloids. The use
of newer agents, such as bortezomib, thalidomide and
lenalidomide, is frequently associated with the de-
velopment of similar neurotoxic effects to peripheral
nerves [1,2].

CIPN usually results in dose modification, chang-
es in the treatment plan and can potentially lead to se-
vere disability obviously deteriorating the quality of
life (QoL) of patients with cancer [3,4]. Commonly
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in a stocking-and-glove distribution with less prominent mo-
tor and autonomic involvement.

1o date, several neuroprotective agents including thi-
ols, neurotrophic factors, anticonvulsants and antioxidants
have been tested in preclinical models and clinical open la-
bel or randomized controlled trials for their ability to prevent
or treat symptoms of CIPN. Although several of these agents
hold promise as possible neuroprotective factors, clinical da-
ta are still controversial and none have as yet robustly been
proven effective against CIPN.

This review critically looks at the pathogenesis, inci-
dence, risk factors, diagnosis, characteristics and manage-
ment of peripheral neuropathy associated with commonly
used chemotherapeutic agents. We also highlight areas of fu-
ture research to pursue.
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used chemotherapeutic agents in oncology/haematol-
ogy practice, causing peripheral neuropathy are sum-
marized in Table 1.

Table 1. Categories of commonly used chemotherapeutic agents
causing peripheral neuropathy

Categories of
chemotherapeutic agents

Compounds

Platinum agents Cisplatin / Oxaliplatin
Taxanes Paclitaxel / Docetaxel
Proteasome inhibitors Bortezomib
Immunomodulatory agents Thalidomide / Lenalidomide
Vinca alkaloids) Vincristine
Polysulfonated naphthylureas Suramin
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Overall, CIPN remains a very challenging area
in clinical oncology. This review critically looks at the
pathogenesis, incidence, risk factors, diagnosis, char-
acteristics and management of peripheral neuropathy
associated with commonly used chemotherapeutic
agents. We also highlight areas of future research to
pursue.

Pathogenesis of peripheral neuropathy

Neurotoxic chemotherapeutic agents can mostly
induce a distal axonal sensory neuropathy (axonopa-
thy) causing a “dying back” axonal degeneration, thus
affecting all sensory neurons, with a preference to thick
myelinated nerve fibers, conducting vibration sensation
and proprioception. Primary sensory neurons contained
in dorsal root ganglia (DRG) are particularly susceptible
to significant cellular changes because of the structure
of'their capillaries, which have fenestrated walls that al-
low free passage of molecules between the circulation
and the extracellular fluid. The blood-nerve barrier is
relative more permeable in the dorsal root sensory gan-
glia than elsewhere [5,6], and this could be the reason
for the selective sensory toxicity as compared to motor
neurons in the anterior horn of the spinal cord.

Neurotoxic agents targeting the increased mito-
chondrial activity of cancer cells and those acting by
disrupting microtubules of the mitotic spindle are able
to interfere with axonal transport, thus affecting the
ganglion soma cells and peripheral neuraxon at least at
the functional level. In any case, individual categories
of chemotherapeutic agents have specific pathogenet-
ic mechanisms contributing to CIPN genesis. Table 2
describes CIPN by sites of involvement and by type of
neuropathy.

Platinum compounds (Cisplatin / Oxaliplatin)

Damage of the sensory neurons in the DRG with
concomitant induction of axonal changes secondary to
cell body damage is the most widely accepted type of
cisplatin neurotoxicity [ 7]. Histological examination of
cisplatin-induced neuropathy reveals axonal loss with
secondary atrophy of the dorsal root, whilst reactive
gliosis of the dorsal column is evident in case of severe
neuropathy [8].

Oxaliplatin induces two clinically distinct forms
of neuropathy; namely, the acute, transient within hours
or days syndrome, and the chronic form that is a pure
sensory, axonal neuropathy closely resembling the cis-
platin-induced peripheral neuropathy. The acute neuro-
toxicity of oxaliplatin has not been observed in patients
receiving cisplatin [9].

Oxaliplatin interacts with ion channels located in
the cellular membrane, particularly the voltage-gated
sodium channels. There is evidence to suggest that the
acute oxaliplatin-induced peripheral neuropathy (OX-
LIPN) may be linked to the rapid chelation of calcium
by oxaliplatin -induced oxalate, whereas oxaliplatin is
capable of altering the voltage-gated sodium channels
through a pathway involving calcium ions [10-12].

On the other hand, the chronic, sensory OXLIPN is
considered to be induced by the morphologic and func-
tional changes in the DRG cells resulting from the local
deposition and accumulation of oxaliplatin [13]. In ad-
dition to the decreased cellular metabolism and axoplas-
matic transport in the DRG cells, the prolonged activa-
tion of voltage-gated sodium channels could induce cel-
lular stress, thereby further affecting the sensory nerve
cells. Oxaliplatin targets the increased mitochondrial ac-
tivity of cancer cells and this has also been proposed as
another potential mechanism of OXLIPN induction [9].

Table 2. Common sites of involvement and specific type of chemotherapy-induced peripheral neuropathy

Agent Sites of peripheral nerve damage Type of neuropathy
Cisplatin Dorsal root ganglion Sensory
Oxaliplatin Dorsal root ganglion; ion channels Chronic sensory; acute transient neuropathy
Paclitaxel Dorsal root ganglion; microtubules; nerve terminals Sensory; occasionally sensorimotor
Docetaxel Dorsal root ganglion; microtubules; mitochondria; nerve terminals ~ Sensory; occasionally sensorimotor
Bortezomib Microtubules; mitochondrial and endoplasmic reticulum; Painful sensory

dysregulation of neurotrophins
Thalidomide Dorsal root ganglion; nerve blood supply; dysregulation of Sensory

neurotrophins
Lenalidomide Dorsal root ganglion; nerve blood supply; dysregulation of Sensory

neurotrophins
Vincristine Dorsal root ganglion; microtubules; nerve terminals Sensorimotor; autonomic; cranial nerves
Suramin Inhibition of growth factors in dorsal root ganglion Sensorimotor




Other genetic and molecular factors may contrib-
ute to the pathogenesis of OXLIPN. Research on this
topic has been initiated and is still ongoing [14,15].
However, further study is warranted before definite
conclusions can be drawn.

Taxanes (Paclitaxel / Docetaxel)

Interference with microtubule-based axonal trans-
port and a “dying back” process starting from distal
nerve endings followed by effects on Schwann cells,
neuronal body or disturbed axonal transport changes
in the affected neurons are the most widely accepted
mechanisms of taxanes-induced peripheral neuropathy
(TIPN) [16,17].

In addition, several cellular changes affecting sig-
nal transduction occur after the administration of tax-
anes, mainly consisting of injury of sensory neurons
and their supporting cells in the peripheral nervous sys-
tem, macrophage activation in both the DRG and pe-
ripheral nerve and microglial activation within the spi-
nal cord [18].

Bortezomib

The pathogenesis of bortezomib-induced periph-
eral neuropathy (BIPN) and the affected anatomical
structures are not clearly defined. Mitochondrial and
endoplasmic reticulum damage seems to significantly
contribute to the genesis of BIPN, since bortezomib
is able to activate the mitochondrial-based apoptotic
pathway [19]. Dysregulation of neurotrophins has al-
so been proposed as another important mechanism of
BIPN genesis, since the main action of bortezomib is
the inhibition of NFkB activation, thereby blocking the
transcription of nerve growth factor-mediated neuron
survival [20]. Results from recently published experi-
mental studies show that bortezomib exerts significant
neuronal dysfunction characterized by interference
with transcription, nuclear processing and transport,
and cytoplasmic translation of mRNAs in DRG neu-
rons associated with mitochondrial and endoplasmic
reticulum damage [21,22].

Thalidomide and Lenalidomide

The mechanisms underlying thalidomide and
lenalidomide-induced neurotoxicity are also vaguely
defined. Reduction in nerve blood supply due to the
antiangiogenic properties of these agents, direct toxic
effects on sensory neurons in DRG and dysregulation
of neurotrophins activity through reduction in TNF-
alpha, and secondary inhibition of NFkB, are the most
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widely accepted mechanisms of neurotoxicity second-
ary to the administration of this class of immunomod-
ulatory agents [23]. Neuropathological studies show
that these agents may cause degeneration of neural cell
bodies and alterations in posterior columns, suggesting
a degeneration of central projections because of DRG
damage [24].

Vincristine

Vinca alkaloids act by binding on intracellu-
lar tubulin, thereby interfering with axonal transport.
Vincristine hardly crosses the blood-brain barrier [25];
however, painful peripheral nerve damage at the level
of the cell body, secondary to its use, is frequently en-
countered as a result of alterations in the cellular mi-
cro-tubuli structure. This kind of damage leads to in-
flammation and oedema of the fast and slow conduct-
ing fibers [26]. In a recent study, it has been shown that
inflammatory mediators, such as IL-6 and TNF-alpha,
are involved in neuropathic pain caused by vincristine
by the induction of macrophage infiltration [27].

Suramin

Suramin is being used either alone or in combina-
tion regimens against hormone-refractory or metastatic
prostate cancer. Peripheral neuropathy is a common tox-
icity secondary to suramin administration. Suramin is
considered to induce axonal degeneration in DRG, axon
atrophy, and accumulation of glycolipid lysosomal in-
clusions as a result of its ability to antagonize the bind-
ing of a number of polypeptide growth factor ligands,
such as platelet-derived growth factor, basic fibroblast
growth factor, transforming growth factor-fj, and epi-
dermal growth factor, with their receptors [28].

Diagnosis

Different approaches comprehended in several
clinical grading scales have mostly been used thus far
to assess CIPN. Table 3 outlines the historically avail-
able, clinically based scales used in oncologic studies.
Recent studies have also employed the use of either the
newer version of NCI-CTC-3 or the 11-item neurotox-
icity subscale (FACT/GOG-Ntx) that was developed
by the Gynecologic Oncology Group (GOG) [29,30].

Recently, the Total Neuropathy Score (TNS),
a composite measure that includes symptoms, signs,
ability aspects and electrophysiological measures, has
demonstrated good validity and higher sensitivity to
CIPN changes compared to the widely used clinical



438

Table 3. Grading scales for chemotherapy-induced peripheral neuropathy

Scale Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
NCIC-CTC
Sensory None Loss of deep tendon Objective sensory loss ~ Sensory loss or par- Permanent sensory
neuropathy reflexes or paresthesia  or paresthesia, interfer- esthesia interfering loss that interferes with
(including tingling) ing with function,but ~ with ADL function
but not interfering with  not interfering with
function activities of daily living
(ADL)
Motor None Subjective weakness Objective mild weak- ~ Moderate objective Paralysis
neuropathy butno objective find-  ness, interfering with ~ abnormality, severe
ings function but notinter-  functional abnormality
fering with ADL
Ajani
Sensory None Paresthesia and Mild objective abnor-  Severe paresthesia, Complete sensory loss,
neuropathy decreased deep tendon  mality, absence of deep moderate objective, loss of function
reflexes tendon reflexes, mild severe functional
to moderate functional —abnormality
abnormality
Motor None Mild transient muscle ~ Persistent moderate Unable to ambulate
neuropathy weakness weakness, but ambu- Complete paralysis
latory
WHO toxicity None Paresthesias and/or Severe paresthesias Intolerable paresthesias Paralysis
criteria decreased deep tendon  and/or mild weakness ~ and/or motor loss
reflexes
ECOGPS None Decreased deep tendon  Absent deep tendon Disabling sensory Respiratory dysfunc-
reflexes reflexes loss, severe peripheral  tion secondary to
Mild paresthesias Severe constipation neuropathic pain, weakness, obstipation
Mild constipation Mild weakness obstipation, severe requiring surgery,
weakness, bladder paralysis confining
dysfunction patient to bed or wheel-
chair

scales, summarized in Table 3 [31,32]. TNSc, a shorter
and more easily applied clinical version of the formal
TNS, has been recently adopted to assess the severity
of CIPN in routine clinical practice [33]. Other modifi-
cations of the TNS have been previously used by sev-
eral groups, including ours, to assess the neurotoxicity
secondary to paclitaxel, cisplatin, oxaliplatin, suramin
and thalidomide treatment [34-36]. Table 4 describes
the components making up both the TN'S and TNSc.

To our opinion, the use of a grading scale, such as
the TNS that employs both clinical and electrophysi-
ological evaluation, may be the optimal method to ob-
jectively evaluate CIPN [37]. However, we acknowl-
edge that TNSc may be the most suitable scale to be
broadly applied in routine practice.

In any case, since the need for an easily, widely
usable and effective grading system is clear, further
systematic clinimetric studies are warranted to accu-
rately detect and grade CIPN. Towards this view, a
large international multicentre collaboration study be-
tween USA and European centres is running the CIPN
outcome measures standardisation study (CI-Peri-
noms). The results of this study [38] are awaited so as

to define the best available methods to accurately as-
sess and monitor CIPN.

Incidence, severity and risk factors

Platinum compounds (Cisplatin / Oxaliplatin)

For cisplatin, the development of neuropathy is
closely related to the total cumulative drug dose as the
majority of patients receiving more than 400-500 mg/m?
of cisplatin, are highly likely to experience grade 2-3
peripheral neurotoxicity [39,40]. However, evidence of
peripheral nerve damage has been reported even after a
cumulative dose of 225 mg/m? [41].

In a large series of patients (n=292) treated with
cisplatin for ovarian cancer, it has been reported that the
overall incidence of cisplatin-induced clinical sensory
neurotoxicity was 50% at a dose of 500 mg/m?, but on-
ly 4% of patients experienced grade 3-4 neurotoxicity
[42]. The combination of cisplatin/paclitaxel may ex-
hibit significant clinical beneficial effects over mono-
therapy in treating patients with various malignancies;
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Table 4. Summary of Total Neuropathy Score (TNS). Items making up the TNS clinical version (TNSc) are highlighted in grey

Total Neuropathy Score
0 1 2 3 4

S ao By Mo None Limited to fingers  Extend to_ ankleor  Extend to knee or Above knees/clbows

or toes wrist elbow
Motor symptoms None Slight difficulty RIS Requ}re ot Disabled

ficulty sistance

gﬁ‘s"(lﬁ;nm Symp- 0 1 2 3 4or5
Pin sensation Normal Reduced in fingers Reduced up to Reduced up to Reduced above elbow/

or toes wrist/ankle elbow/knee knee
Vibration sensi- Normal Reduced in fingers Reduced up to Reduced up to Reduced above elbow/
bility or toes wrist/ankle elbow/knee knee
Strength Normal Mild weakness Mode;aetsesweak— Severe weakness Paralysis
Tendon Normal Ankle reflex (AR) Ankle reflex AR absent and oth- All reflexes absent
Reflexes reduced absent ers reduced

1 1 0,

Seiga:ga“"“ N°m%1Lt§’\1125 % 126.150%ULN  151200%ULN  201-300% ULN >300% ULN
Sural Normal or 76-95% of LLN 51-75% of LLN 26-50% of LLN N
a-SAP reduced <5% value value value 0-25% of LLN value
Peroneal Normal or 76-95% of LLN 51-75% of LLN 26-50% of LLN N
a-CMAP reduced <5% value value value 0-25% of LLN value

Sural: short saphenous nerve, a-SAP: amplitude of sensory action potentials, a-CMAP: compound muscle action potential, LLN: lower limit of normal,

ULN: upper limit of normal, QST: quantitative sensory testing

however, it also has additive effects in producing neu-
ropathy at high rates [35,43].

As for oxaliplatin, data from large studies show
that the acute OXLIPN affects the vast majority of pa-
tients treated with various oxaliplatin-based regimens
at a dose ranging from 85-130 mg/m? with incidence
rates from 65-98% [44,45]. Cold temperature and the
time of oxaliplatin infusion are the main risk factors of
acute OXLIPN [46].

On the other hand, the incidence of chronic OX-
LIPN is usually related to various risk factors, includ-
ing treatment schedule, single dose per course, cumu-
lative dose, time of infusion and pre-existing peripher-
al neuropathy [47]. Cumulative dose ranks among the
most important risk factors of chronic OXLIPN genesis
and this was documented in the de Gramont et al. trial
[44], where the estimated incidence of grade 2-3 neu-
ropathy, significantly increased after cumulative doses
of 750-850 mg/m? and affected 50% of patients after a
total dose of 1170 mg/m? [47].

In addition, available data from large studies con-
cerning the incidence of OXLIPN in patients with met-
astatic colorectal cancer show that grade 3-4 overall
neuropathy is evident in 6-20% of patients assigned to
be treated on either the FOLFOX4 or FOLFOXG6 regi-
men, while the overall rate of neurosensory symptoms
can range from 60 to 95% [9,45]. Our experience [34]

concurs with available data as in a study conducted by
our group, the reported rate of patients manifesting
OXLIPN after the administration of the formal FOL-
FOX4 regimen was 64%.

Taxanes (Paclitaxel / Docetaxel)

Dose, either single or cumulative, represents the
most important triggering factor of taxanes-induced
neurotoxicity. Current evidence shows that cumulative
doses of paclitaxel and docetaxel that exceed the 1000
mg/m” and 371 mg/m? respectively, are strongly asso-
ciated with occurrence of severe neurotoxicity [48]. In
any case, paclitaxel is more neurotoxic than docetaxel.
Grade 3-4 sensory neuropathy can occur in 33% of pa-
tients receiving paclitaxel at a high dose of 250 mg/m?,
in 19% of patients receiving paclitaxel at 210 mg/m?>
and in 7% of patients receiving paclitaxel at 175 mg/
m?, as opposed to 5% of patients receiving docetaxel
at 100 mg/m” [48,49].

Other risk factors are prior or concomitant admin-
istration of platinum compounds and pre-existing pe-
ripheral neuropathy due to various medical conditions.
The risk appears to be also related to treatment sched-
ules for paclitaxel (weekly vs. every three weeks treat-
ment schedule) and duration of infusion (1 to 3-hour in-
fusion vs. 24-hour infusion) [16]. Opposite to previous
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reports suggesting that age is a risk factor that increases
the incidence of neurotoxicity in elderly people [50],
our experience showed that elderly cancer patients do
not appear with a greater risk of neurotoxicity and that
advanced age is not associated with worst severity of
neurotoxicity [51].

Bortezomib

The results of the SUMMIT and CREST phase I1
trials accurately provide data about the incidence of se-
verity and risk factors of bortezomib-induced peripher-
al neuropathy (BIPN) [52,53]. Grade 1-2 BIPN can oc-
cur in up to 75% and 33% of patients with recurrent or
newly diagnosed disease under bortezomib therapy, re-
spectively, while grade 3-4 neurotoxicity may affect up
to 30% of patients with recurrent disease and up to 18%
of patients with newly diagnosed disease [20,52,53].

Several studies have consistently associated pre-
existing neuropathy, comorbidities associated with
peripheral nerve damage and cumulative dose with in-
creased incidence of BIPN. However, BIPN typically
occurs within the first 5 cycles of bortezomib adminis-
tration and is rare thereafter, thereby pointing towards
a dose threshold rather than a classic cumulative dose
effect of bortezomib. The disease itself has also been
reported as another contributing factor to BIPN gen-
esis [20].

Thalidomide

The overall incidence of PN can range up to 83%,
with a rate of early treatment discontinuation of about
15% [54,55]. Pooled safety analysis on thalidomide
monotherapy in multiple myeloma patients revealed
an incidence rate for severe neurotoxicity (grade 3-4)
of'about 6% [56].

There is evidence to suggest a causal relation-
ship between neurotoxicity, age, duration of exposure,
dose-intensity and cumulative dose of thalidomide [57].
However, the issue of risk factors for thalidomide-in-
duced neurotoxicity remains controversial, as some
authors have found that the relative risk of developing
neurotoxicity was not influenced by these factors [56].

Lenalidomide

Lenalidomide, a thalidomide-analogue, is less
neurotoxic as the overall incidence of neurotoxicity was
10%, with only 3% of grade 3 after its administration
at a dose of 30 mg/day in relapsed/refractory multiple
myeloma patients [58,59]. Factors such as age, duration
of exposure, dose intensity and cumulative doses, have

been reported to influence the incidence of neurologi-
cal toxicity [23].

Vincristine

Up to 60% of patients treated with vincristine
may develop a primarily sensory neuropathy, which is
considered to be dose-dependent, as a cumulative dose
between 30-50 mg represents the main risk factor of
vincristine-induced peripheral neuropathy [60].

Suramin

Likewise to vincristine, suramin-induced neu-
ropathy is dose-dependent. About 50% of patients with
suramin plasma peak levels higher than 350 pg/ml will
develop a grade 1-2 sensorimotor neuropathy and,
therefore, monitoring of plasma levels is strongly ad-
vised so as to avoid severe grade 3-4 peripheral nerve
damage with flaccid quadriparesis [36].

Clinical and electrophysiological character-
istics

Platinum compounds (Cisplatin / Oxaliplatin)

Cisplatin-induced peripheral neuropathy (Ci-
sIPN) is clinically manifested with sensory symptoms
in a stocking-and-glove distribution, decreased vibra-
tion and proprioception and suppression or loss of deep
tendon reflexes (DTRs). Sensory nerve conduction
studies show a decrease or abolishment of sensory ac-
tion potentials with preserved sensory conduction ve-
locities, in keeping with an axonal sensory peripheral
neuropathy [4,35].

As a clinical hallmark of hyperexcitability syn-
drome, signs and symptoms of acute OXLIPN may
begin during the infusion or within 1-2 days of oxalip-
latin administration and include cold-induced and pe-
rioral paresthesias, shortness of breath or difficulty in
swallowing, cramps, jaw stiffness, visible fascicula-
tions, voice changes, ptosis, and visual field changes
[4]. From the electrophysiological point of view, find-
ings of excessive nerve excitability are evident in nerve
conduction and needle EMG study, consisting of repet-
itive compound action potentials, high-frequency dis-
charges of motor unit multiplets and bursts of muscle
fibre action potentials [9].

Chronic OXLIPN are clinically characterized by
distal sensory loss with positive and negative sensory
symptoms, suppression of DTRs and changes in pro-
prioception. From the electrophysiological point of



view, nerve conduction study is consistent with a dis-
tal, sensory, axonal neuronopathy without motor in-
volvement [9].

Symptoms of chronic CisIPN and OXLIPN usu-
ally completely resolve after 6-8 months after the dis-
continuation of treatment [1]. However, further pro-
gression of neurotoxicity was reported 6 months after
the discontinuation of chemotherapy. This event should
be attributed to the “coasting” phenomenon, that is
characteristic of platinum compounds-based therapy
and results from their capacity to accumulate in DRG
foralong time [61].

Taxanes (Paclitaxel / Docetaxel)

Predominant clinical symptoms secondary to
taxanes-based therapy include paresthesia, numbness
and/or pain in a stocking-and-glove distribution, ini-
tially affecting the distal lower extremities. Decreased
vibration perception and sense of position, loss of pain
and temperature sensation and suppression or loss of
DTRs are frequently found in patients receiving tax-
anes therapy [48].

Electrophysiological abnormalities, mainly in-
volving the decrease or abolishment of sensory re-
sponses in keeping with an axonal sensory neuropa-
thy, are characteristic of taxanes-induced peripheral
neuropathy (TIPN). Motor involvement with reduction
of compound muscle action potential responses and
myopathy with proximal weakness is less frequently
seen [16].

Symptoms usually improve or resolve soon after
discontinuation of treatment, whereas severe symp-
toms may persist for a long time [16]. Our experience
shows that TIPN is partially reversible 3 months after
discontinuation of chemotherapy, while there is no ev-
idence of further worsening of neurotoxicity after ces-
sation of treatment [62].

Bortezomib

Symptoms and signs of BIPN are clinically char-
acterized by evidence of neuropathic pain, distal sensory
loss to all modalities in the lower more than in the upper
limbs, suppression or loss of DTRs and changes in pro-
prioception. These clinical findings are in keeping with a
painful neuropathy due to dysfunction in all 3 major fiber
(A, Ad, and C) types of sensory nerves [63].

From the electrophysiological point of view,
nerve conduction study predominantly reveals low am-
plitude of sensory action potentials, in keeping with a
distal, sensory, axonal neuropathy. Motor involvement
is less frequently disclosed. Symptoms of BIPN usually
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improve or completely resolve after a median interval
of 3 months following discontinuation of bortezomib
treatment [20].

Thalidomide and Lenalidomide

The clinical and electrophysiological character-
istics of thalidomide and lenalidomide-induced pe-
ripheral neuropathy resemble those of BIPN. In brief,
symptoms are rather sensory and affect small and large
diameter fibers with less common motor impairment
or autonomic involvement. Trembling in maintain-
ing posture is commonly seen in the affected patients.
From the electrophysiological perspective, both drugs
mostly induce a length-dependent axonal sensory neu-
ropathy [23,64].

Vincristine

At the initial stage, the clinical manifestations
include bilateral and symmetrical sensory disorders,
including stinging distal paresthesia and hyperesthe-
sia, distally attenuated. At the advanced stage, affecta-
tion of deep vibratory sensitivity and proprioception is
commonly seen. Autonomic dysfunction with mani-
festation of orthostatic hypotension, constipation and
erectile impotence is evident in up to 40% of the affect-
ed patients. Nerve conduction study usually reveals de-
creased sensory action potentials with vincristine thera-
py, in keeping with a length-dependent axonal sensory
peripheral neuropathy. Clinical symptoms are revers-
ible after discontinuation of treatment [60].

Suramin

In most patients, neurotoxicity is clinically mani-
fested with distal paresthesias and/or weakness in distal
muscles of the lower limbs. Examination reveals reduc-
tion of pin sensibility, elevation of vibratory threshold
and reduced or absent DRTs. Nerve conduction study
shows reduction in sensory and motor amplitudes with
relative preservation of latencies and conduction ve-
locities, consistent with a length-dependent, axonal,
sensorimotor polyneuropathy. Few cases with sub-
acute demyelinating and inflammatory polyneuropa-
thy secondary to suramin therapy have also been re-
ported [36].

Options for neuroprotection

The ideal candidate for neuroprotection against
CIPN should be effective, safe, well-tolerated, but
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mostly it should not interfere with the cytotoxic activ-
ity of chemotherapy. Table 5 outlines the pharmaceuti-
cal interventions for the symptomatic treatment and/or
prevention of CIPN.

Platinum compounds (Cisplatin / Oxaliplatin)

A variety of prophylactic compounds, including
thiols (amifostine), vitamin E, and glutathione, have
been tested thus far and appear in preliminary studies
to prevent or treat the CisIPN [65]. However, a recent
Cochrane review concluded that there was insufficient
evidence to recommend the use of any of these thera-
pies for the prevention of the platinum compounds-in-
duced peripheral neuropathy [66].

Amifostine (WR-2721) is an organic thiophos-
phate used as cytoprotective adjuvant in cancer che-
motherapy mainly because of its ability of scavenging
free radicals. Amifostine was found ineffective against
the neurotoxic combination comprised of cisplatin/pa-
clitaxel or cisplatin/cyclophosphamide [65]. However,
results from a pilot small-sized study in patients treated
with an oxaliplatin (130 mg/mz)-based regimen, dem-
onstrated that amifostine 500 mg given as s.c. injection
20 min before oxaliplatin administration was able to
prevent OXLIPN [67].

The results from clinical trials on the efficacy of
glutathione (GSH) for prophylaxis against both Ci-
sIPN and OXLIPN are very promising. A randomized,
double-blind, placebo-controlled trial (RCT) provided
evidence that GSH is effective in preventing CisIPN,
as the incidence of neurotoxicity was significantly de-
creased in patients receiving GSH vs. placebo [68]. An-
other RCT from the same group demonstrated the same
beneficial effect of GSH in preventing OXLIPN [69].

Small pilot RCTs favor the use of oral glutamine
and a-lipoic acid for prophylaxis against OXLIPN
[9,70]. Oxalate chelators, such as calcium-magnesium

(Ca/Mg) infusions might be able to delay cumulative
neuropathy, especially in 85 mg/m? oxaliplatin dosage
[71]. However, Ca/Mg i.v. supplementation strategy
may not be advisable in combination with the FOL-
FOX regimen since a large phase I trial was early ter-
minated because patients receiving FOLFOX plus Ca/
Mg had significantly decreased response rates com-
pared to patients treated with FOLFOX alone [72].

In a large RCT (Xenox study), 649 chemother-
apy-naive patients with metastatic colorectal cancer
were randomly treated with FOLFOX4 plus xalip-
roden 1 mg p.o. qd or FOLFOX4 plus placebo. The re-
sults showed a 39% reduction in the risk of occurrence
of grade 3 neurotoxicity in the xaliproden arm with-
out any affectation in overall survival rates, thereby
supporting the neuroprotective effects of xaliproden
against OXLIPN [73].

Among modern antiepileptic drugs, oxcarba-
zepine (OXC) may be another suitable preventive
measure against OXLIPN. Our experience favors its
use since in a RCT conducted by our group the inci-
dence of OXLIPN was strikingly decreased in patients
receiving OXC (31.2 vs. 75%), while OXC was well
tolerated [74].

Non-pharmacological treatment strategies against
OXLIPN are primarily based on the “Stop-and-Go”
concept, which uses the predictability and reversibil-
ity of neurological symptoms, with the aim at deliver-
ing higher cumulative oxaliplatin doses as long as the
therapy is still effective. Successful use of the “Stop-
and-Go” concept has been previously reported in sev-
eral studies [9,75].

Taxanes (Paclitaxel / Docetaxel)

For symptomatic management of TIPN, amitrip-
tyline, glutamine, low-dose oral prednisone and gaba-
pentin have been used with some measure of success

Table 5. Medications for prevention and symptomatic relief of chemotherapy-induced peripheral

neuropathy (CIPN)

Interventions against CIPN
Opioids oxycodone, hydrocodone, morphine, fentanyl
Tricyclic antidepressants amitriptyline, nortriptyline, desipramine
Anticonvulsants gapabentin, carbamazepine, oxcarbazepine, pregabalin
SNRIs duloxetine, venlafaxine
NSAIDs celecoxib, rofecoxib, ibuprofen, acetaminophen
Vitamins vitamin E, vitamin B6, vitamin C
Nutritional supplements a-lipoic acid, glutamine, L-carnitine
Thiols amifostine
Antioxidants glutathione
Oxalate chelators calcium-magnesium (Ca/Mg) infusions
Non-peptidic 5-HT1A receptor agonist xaliproden

SNRIs: serotonin-norepinephrine reuptake inhibitors, NSAIDs: non-steroidal anti-inflammatory drugs
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Table 6. Dose modification guidelines for bortezomib-induced peripheral neuropathy (BIPN)

Severity of BIPN

Action

Grade 1 (paresthesias or areflexia without pain or loss of function)

Grade 1 with pain or grade 2 (interferes with function but not with daily

living activities)

Grade 2 with pain or grade 3 (interferes with daily living activities)

Grade 4 (sensorimotor neuropathy significantly interfering with daily liv-

ing activities)

Continuation as scheduled
Dose reduction to 1.0 mg/m?

Withhold bortezomib treatment until BIPN resolves and
then reinitiating at a dose of 0.7 mg/m? once weekly

Therapy discontinuation

for reducing pain, myalgia and arthralgia. Overall,
data about symptomatic treatment of TIPN are limit-
ed and therefore further prospective studies are war-
ranted [16].

Concerning prophylactic treatment, several neuro-
protective agents including thiols, neurotrophic factors
and antioxidants hold promise as possible neuroprotec-
tive factors, clinical data are still controversial [65].

Briefly, the clinical efficacy of amifostine (WR-
2721) has been conflictingly addressed in several RCTs
[65,76]. In a large double-blind randomized controlled
trial of 117 patients with various types of solid tu-
mors, recombinant human leukemia inhibitory factor
(AM424) at a dose of 4 pg/kg failed to demonstrate ef-
ficacy in preventing neurotoxicity caused by carbopla-
tin/paclitaxel [77].

Glutamine, a neutral gluconeogenic nonessential
amino acid, demonstrated that is capable in preventing
high dose paclitaxel-induced peripheral neuropathy in
a phase Il clinical trial. In this setting, patients who re-
ceived glutamine developed significantly less neuro-
sensory symptoms than controls [78].

Acetyl-l-carnitine (ALC) showed that is capable
of significantly reducing paclitaxel-induced peripheral
neuropathy in a large phase II clinical trial. In this study,
at least one WHO grade improvement in the severity of
peripheral neuropathy was disclosed in 19 of 26 (73%)
patients after administration of 1 g/day i.v. infusion of
ALC[79].

Our experience shows that vitamin E at a daily
dose of 600 mg bid exhibits neuroprotective effects in
patients either treated with paclitaxel-based regimens
alone [80] or with paclitaxel/cisplatin regimens [81].
Our results demonstrated that the relative risk of devel-
oping peripheral neuropathy was significantly higher in
controls than in vitamin E group patients [80,81].

Bortezomib

To date, several pharmacological agents, includ-
ing various opioids, tricyclic antidepressants, anticon-
vulsants, serotonin-norepinephrine reuptake inhibitors,

non-steroidal anti-inflammatory agents, vitamins and
nutritional supplements, have been tested to symptom-
atically treat the painful, sensory BIPN [20].

Among non-pharmacological approaches, the
dose and treatment schedule modification is the cor-
nerstone of treating BIPN [20]. Therefore, strict adher-
ence to these dose modification guidelines, as outlined
in Table 6, is recommended to allow the continuation
and intensification of treatment [82].

Thalidomide and Lenalidomide

The symptomatic treatment of painful peripheral
neuropathy secondary to these agents does not differ
from that of BIPN (23].

Vincristine

The administration of glutamic acid has decreased
vincristine-induced neurotoxicity without any attendant
adverse effect in a RCT, in which 42 patients were ran-
domly assigned to receive vincristine 1.0 mg/m? weekly
for 6 doses and 42 patients were assigned to receive glu-
tamic acid 500 mg orally 3 times daily plus vincristine
[83]. In any case, there is insufficient evidence to recom-
mend the use of glutamic acid in clinical practice more
broadly against vincristine-induced neurotoxicity.

Future research perspectives

Peripheral neuropathy is the major non-haemato-
logical adverse effect of commonly used chemothera-
peutic agents, adversely affecting the QoL of patients
with cancer. CIPN is still not reliably assessed, as a
widely accepted grading scale of neurotoxicity is lack-
ing. Therefore, validation of a grading instrument dem-
onstrating high sensitivity and reduced interobserver
and intraobserver variability is definitely warranted and,
to our knowledge, is ongoing.

Susceptibility between individuals receiving the
same regimen differs and therefore well-designed phar-
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macogenetic studies should be performed to provide
evidence to identify patients at high risk for develop-
ing CIPN. Improved understanding of the pathophysi-
ological mechanism of CIPN in the preclinical setting
would facilitate the identification of effective and safe
neuroprotective agents.

References

10.

11.

13.

14.

15.

. Windebank AJ, Grisold W. Chemotherapy-induced neuropa-

thy. J Peripher Nerv Syst 2008; 13: 27-46.

Sioka C, Kyritsis AP. Central and peripheral nervous sys-
tem toxicity of common chemotherapeutic agents. Cancer
Chemother Pharmacol 2009; 63: 761-776.

Behin A, Psimaras D, Hoang-Xuan K, Leger JM. Neuropa-
thies in the context of malignancies. Curr Opin Neurol 2008;
21:534-539.

Park SB, Krishnan AV, Lin CS, Goldstein D, Friedlander M,
Kiernan MC. Mechanisms underlying chemotherapy-induced
neurotoxicity and the potential for neuroprotective strategies.
Curr Med Chem 2008; 15: 3081-3094.

Gregg RW, Molepo JM, Monpetit VJ et al. Cisplatin Neuro-
toxicity: The relationship between dosage, time, and platinum
concentration in neurological tissue and morphological evi-
dence of toxicity. J Clin Oncol 1992; 10: 795-803.

Cavaletti G, Tredici G, Braga M, Tazzari S. Experimental pe-
ripheral neuropathy induced in adult rats by repeated intrap-
eritoneal administration of taxol. Exp Neurology 1995; 133:
64-72.

Hamers FP, Gispen WH, Neijt JP. Neurotoxic side effects of
cisplatin. Eur J Neurol 1991; 27: 372-376.

. Walsh TJ, Clark AW, Parhad IM, Green WR. Neurotoxic ef-

fect of cisplatin therapy. Arch Neurol 1982; 39: 719-720.
Argyriou AA, Polychronopoulos P, Iconomou G, Chroni E,
Kalofonos HP. A review on oxaliplatin-induced peripheral
nerve damage. Cancer Treat Rev 2008; 34: 368-377.
Grolleau F, Gamelin L, Boisdron-Celle M, Lapied B, Pelhate
M, Gamelin E. A possible explanation for a neurotoxic effect
of'the anticancer agent oxaliplatin on neuronal voltage-gated
sodium channels. J Neurophysiol 2001; 85: 2293-2297.
Gamelin E, Gamelin L, Bossi L, Quasthoff S. Clinical aspects
and molecular basis of oxaliplatin neurotoxicity: current man-
agement and development of preventive measures. Semin On-
c012002; 29(5 Suppl 15): 21-33.

Gamelin L, Capitain O, Morel A et al. Predictive factors of
oxaliplatin neurotoxicity: the involvement of the oxalate out-
come pathway. Clin Cancer Res 2007; 13: 6359-6368.
Cavaletti G, Tredici G, Petruccioli MG et al. Effects of differ-
ent schedules of oxaliplatin treatment on the peripheral ner-
vous system of the rat. Eur J Cancer 2001; 37: 2457-2463.
Argyriou AA, Antonacopoulou AG, Scopa CD et al. Liability
of the Voltage-Gated Sodium Channel Gene SCN2A R19K
Polymorphism to Oxaliplatin-Induced Peripheral Neuropa-
thy. Oncology 2009; 77: 254-256.

Argyriou A, Antonakopoulou A, Kottorou A, Skopa CD,
Kominea A, Kalofonos H. Association of integrin beta-3 poly-
morphism at residue 33 with development of chronic oxali-
platin-induced peripheral nerve damage. ] Neurol 2009; 256
(Suppl 2): S13 (abstr).

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Argyriou AA, Koltzenburg M, Polychronopoulos P, Papa-
petropoulos S, Kalofonos HP. Peripheral nerve damage asso-
ciated with administration of taxanes in patients with cancer.
Crit Rev Oncol Hematol 2008; 66: 218-228.

Rowinsky EK, Donehower RC. Paclitaxel (Taxol). N Engl J
Med 1995;332: 1004-1014.

Peters CM, Jimenez-Andrade JM, Jonas BM et al. Intrave-
nous paclitaxel administration in the rat induced a peripheral
sensory neuropathy characterized by macrophage infiltration
and injury to sensory neurons and their supporting cells. Exp
Neurol 2007; 203: 42-54.

Landowski TH, Megli CJ, Nullmeyer KD, Lynch RM, Dorr
RT. Mitochondrial-mediated dysregulation of Ca2+ is a criti-
cal determinant of Velcade (PS-341/bortezomib) cytotoxicity
in myeloma cell lines. Cancer Res 2005; 65: 3828-3836.
Argyriou AA, Iconomou G, Kalofonos HP. Bortezomib-in-
duced peripheral neuropathy in multiple myeloma: a compre-
hensive review of the literature. Blood 2008; 112: 1593-1599.
Cavaletti G, Gilardini A, Canta A et al. Bortezomib-induced
peripheral neurotoxicity: a neurophysiological and pathologi-
cal study in the rat. Exp Neurol 2007; 204: 317-325.
Casafont I, Berciano MT, Lafarga M. Bortezomib Induces
the Formation of Nuclear poly(A) RNA Granules Enriched in
Sam68 and PABPN1 in Sensory Ganglia Neurons. Neurotox
Res DOI10.1007/s12640-009-9086-1.

Cundari S, Cavaletti G. Thalidomide chemotherapy-induced
peripheral neuropathy: actual status and new perspectives
with thalidomide analogues derivatives. Mini Rev Med Chem
2009;9: 760-768.

Cavaletti G, Beronio A, Reni L et al. Thalidomide sensory
neurotoxicity: a clinical and neurophysiologic study. Neurol-
ogy 2004; 62:2291-2293.

Greig NH, Soncrant TT, Shetty HU, Momma S, Smith QR,
Rapoport SI. Brain uptake and anticancer activities of vincris-
tine and vinblastine are restricted by their low cerebrovascular
permeability and binding to plasma constituents in rat. Cancer
Chemother Pharmacol 1990; 26: 263-268.

Pan YA, Misgeld T, Lichtman JW, Sanes JR. Effects of neuro-
toxic and neuroprotective agents on peripheral nerve regen-
eration assayed by time-lapse imaging in vivo. J Neurosci
2003;23: 11479-11488.

Kiguchi N, Maeda T, Kobayashi Y, Saika F, Kishioka S. In-
volvement of inflammatory mediators in neuropathic pain
caused by vincristine. Int Rev Neurobiol 2009; 85: 179-190.
Russell JW, Windebank AJ, Podratz JL. Role of nerve growth
factor in suramin neurotoxicity studied in vitro. Ann Neurol
1994;36:221-228.

Richardson PG, Briemberg H, Jagannath S et al. Frequency,
characteristics, and reversibility of peripheral neuropathy
during treatment of advanced multiple myeloma with bort-
ezomib. J Clin Oncol 2006; 24: 3113-3120.

Calhoun EA, Welshman EE, Chang CH et al. Psychometric
evaluation of the Functional Assessment of Cancer Therapy/
Gynecologic Oncology Group-Neurotoxicity (Fact/GOG-
Ntx) questionnaire for patients receiving systemic chemo-
therapy. Int J Gynecol Cancer 2003; 13: 741-748.

Cavaletti G, Bogliun G, Marzorati L et al. Grading of chemo-
therapy-induced peripheral neurotoxicity using the total neu-
ropathy scale. Neurology 2003; 61: 1297-1300.

Cavaletti G, Frigeni B, Lanzani F et al; Italian NETox Group.
The Total Neuropathy Score as an assessment tool for grading
the course of chemotherapy-induced peripheral neurotoxicity:



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

comparison with the National Cancer Institute-Common Tox-
icity Scale. J Peripher Nerv Syst 2007; 12: 210-215.
Cavaletti G, Jann S, Pace A et al, for the Italian NETox Group.
Multi-center assessment of the total neuropathy score for che-
motherapy-induced peripheral neurotoxicity. J Periph Nerv
Syst 2006; 11: 135-141.

Argyriou AA, Polychronopoulos P, Iconomou G et al. Inci-
dence and characteristics of peripheral neuropathy during
oxaliplatin-based chemotherapy for metastatic colon cancer.
ActaOncol 2007;46: 1131-1137.

Argyriou AA, Polychronopoulos P, Koutras A et al. Clinical
and electrophysiological features of peripheral neuropathy
induced by administration of cisplatin plus paclitaxel-based
chemotherapy. Eur J Cancer Care (Engl) 2007; 16: 231-237.
Chaudhry V, Eisenberger MA, Sinibaldi VL, Sheikh K, Grif-
fin JW, Cornblath DR. A prospective study of suramin-in-
duced peripheral neuropathy. Brain 1996; 119: 101-114.
Argyriou AA, Polychronopoulos P, Koutras A et al. Periph-
eral neuropathy induced by administration of cisplatin and
paclitaxel-based chemotherapy. Could it be predicted? Sup-
port Care Cancer 2005; 13: 647-651.

CI-PERINOMS Study Group. CI-PERINOMS: chemothera-
py-induced peripheral neuropathy outcome measures study. J
Peripher Nerv Syst 2009; 14: 69-71.

Krarup-Hansen A, Fugleholm K, Helweg-Larsen S et al. Ex-
amination of distal involvement in cisplatin-induced neurop-
athy in man. An electrophysiological and histological study
with particular reference to touch receptor function. Brain
1993; 116: 1017-1041.

Mc Keage MJ. Comparative adverse effect profiles of plati-
num drugs. Drug Safety 1995; 13:228-244.

Boogerd W, ten Bokkel Huinink WW, Dalesio O, Hoppen-
brouwers WJJF, van der Sande JJ. Cisplatin induced neurop-
athy: central peripheral and autonomic nerve involvement. J
Neurooncol 1990; 9: 255-263.

Gerritsen van der Hoop R, van Houwelingen JC, van der
Burg MEL, ten Bokkel Huinink WW, Neijt JP. The incidence
of neuropathy in 395 ovarian cancer patients treated with or
without cisplatin. Cancer 1990; 66: 1697-1702.

Berger T, Malayeri R, Doppelbauer A et al. Neurological
monitoring of neurotoxicity induced by paclitaxel/cisplatin
chemotherapy. Eur J Cancer 1997; 33: 1393-1399.

de Gramont A, Figer A, Seymour M et al. Leucovorin and fluo-
rouracil with or without oxaliplatin as first-line treatment in ad-
vanced colorectal cancer. J Clin Oncol 2000; 18: 2938-2947.
Kemeny N, Garay CA, Gurtler J et al. Randomized multi-
center phase I trial of bolus plus infusional fluorouracil/leu-
covorin compared with fluorouracil/leucovorin plus oxalipla-
tin as third-line treatment of patients with advanced colorectal
cancer. J Clin Oncol 2004; 22: 4753-4761.

Gamelin E, Gamelin L, Bossi L, Quasthoff S. Clinical aspects
and molecular basis of oxaliplatin neurotoxicity: current man-
agement and development of preventive measures. Semin On-
co0l2002; 29(5 Suppl 15): 21-33.

Grothey A. Clinical management of oxaliplatin-associated neu-
rotoxicity. Clin Colorectal Cancer 2005; 5 (Suppl 1): S38-46.
Lee JJ, Swain SM. Peripheral neuropathy induced by microtu-
bule-stabilizing agents. J Clin Oncol 2006; 24: 1633-1642.
Chan S, Friedrichs K, Noel D et al. Prospective randomized
trial of docetaxel versus doxorubicin in patients with meta-
static breast cancer. J Clin Oncol 1999; 17: 2341-2354.
Akerley W, Herndon JE, Egorin MJ et al. Weekly high-dose

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

445

paclitaxel in advanced lung carcinoma: a phase II study with
pharmacokinetics by the Cancer and Leukemia Group B. Can-
cer 2003; 97: 2480-2486.

Argyriou AA, Polychronopoulos P, Koutras A et al. Is ad-
vanced age associated with increased incidence and severity
of chemotherapy-induced peripheral neuropathy? Support
Care Cancer 2006; 14:223-229.

Richardson PG, Barlogie B, Berenson J et al. A phase 2 study
of bortezomib in relapsed, refractory myeloma. N Engl J Med
2003;348:2609-2617.

Jagannath S, Barlogie B, Berenson J et al. A phase 2 study of
two doses of bortezomib in relapsed or refractory myeloma.
BrJ Haematol 2004; 127: 165-172.

Prince HM, Schenkel B, Mileshkin L. An analysis of clinical
trials assessing the efficacy and safety of single-agent thali-
domide in patients with relapsed or refractory multiple my-
eloma. Leuk Lymphoma 2007; 48: 46-55.

Plasmati R, Pastorelli F, Cavo M et al. Neuropathy in multiple
myeloma treated with thalidomide: a prospective study. Neu-
rology 2007; 69: 573-581.

Glasmacher A, Hahn C, Hoffmann F et al. A systematic re-
view of phase-11 trials of thalidomide monotherapy in patients
with relapsed or refractory multiple myeloma. Br J Haematol
2006; 132: 584-593.

Mileshkin L, Stark R, Day B, Seymour JF, Zeldis JB, Prince HM.
Development of neuropathy in patients with myeloma treated
with thalidomide: patterns of occurrence and the role of electro-
physiologic monitoring. J Clin Oncol 2006; 24: 4507-4514.
Richardson PG, Blood E, Mitsiades CS et al. A randomized
phase 2 study of lenalidomide therapy for patients with re-
lapsed or relapsed and refractory multiple myeloma. Blood
2006; 108: 3458-3464.

Dimopoulos M, Spencer A, Attal M et al. Lenalidomide plus
dexamethasone for relapsed or refractory multiple myeloma.
N EnglJMed 2007; 357: 2123-2132.

Postma TJ, Benard BA, Huijgens PC, Ossenkoppele GJ, Hei-
mans JJ. Long-term effects of vincristine on the peripheral
nervous system. J Neurooncol 1993; 15:23-27.

Grunberg SM, Sonka S, Stevenson LL, Muggia FM. Progres-
sive paraesthesias after cessation of therapy with very high dose
cisplatin. Cancer Chemother Pharmacol 1989; 25: 62-64.
Argyriou AA, Polychronopoulos P, Iconomou G, Koutras A,
Kalofonos HP, Chroni E. Paclitaxel plus carboplatin-induced
peripheral neuropathy. A prospective clinical and electrophys-
iological study in patients suffering from solid malignancies.
JNeurol 2005; 252: 1459-1464.

Cata JP, Weng HR, Burton AW, Villareal H, Giralt S, Dough-
erty PM. Quantitative sensory findings in patients with bort-
ezomib-induced pain. J Pain 2007; 8: 296-306.

Giannini F, Volpi N, Rossi S, Passero S, Fimiani M, Cerase A.
Thalidomide-induced neuropathy: a ganglionopathy? Neurol-
ogy 2003; 60: 877-878.

Kaley TJ, Deangelis LM. Therapy of chemotherapy-induced
peripheral neuropathy. Br J Haematol 2009; 145: 3-14.
Albers J, Chaudhry V, Cavaletti G, Donehower R. Interventions
for preventing neuropathy caused by cisplatin and related com-
pounds. Cochrane Database Syst Rev2007; 1: CD005228.
Penz M, Kornek GV, Raderer M et al. Subcutaneous admin-
istration of amifostine: a promising therapeutic option in pa-
tients with oxaliplatin-related peripheral sensitive neuropathy.
Ann Oncol 2001; 12:421-412.

Cascinu S, Cordella L, Del Ferro E, Fronzoni M, Catalano G.



446

69.

70.

71.

72.

73.

74.

75.

76.

Neuroprotective effect of reduced glutathione on cisplatin-
based chemotherapy in advanced gastric cancer: a random-
ized double-blind placebo-controlled trial. J Clin Oncol 1995;
13:26-32.

Cascinu S, Catalano V, Cordella L et al. Neuroprotective ef-
fect of reduced glutathione on oxaliplatin-based chemothera-
py in advanced colorectal cancer: a randomized, double blind,
placebo-controlled trial. J Clin Oncol 2002; 20: 3478-3483.
Gedlicka C, Scheithauer W, Schull B, Kornek GV. Effective
treatment of oxaliplatin-induced cumulative polyneuropathy
with alpha-lipoic acid. J Clin Oncol 2002; 20: 3359-3361.
Gamelin L, Boisdron-Celle M, Delva R et al. Prevention of ox-
aliplatin-related neurotoxicity by calcium and magnesium infu-
sions: a retrospective study of 161 patients receiving oxaliplatin
combined with 5-Fluorouracil and leucovorin for advanced col-
orectal cancer. Clin Cancer Res 2004; 10(12 Pt 1): 4055-4061.
Hochster HS, Grothey A, Childs BH. Use of calcium and
magnesium salts to reduce oxaliplatin-related neurotoxicity.
J Clin Oncol 2007; 25: 4028-4029.

Susman E. Xaliproden lessens oxaliplatin-mediated neuropa-
thy. Lancet Oncol 2006; 7: 288.

Argyriou AA, Chroni E, Polychronopoulos P et al. Efficacy of
oxcarbazepine for prophylaxis against cumulative oxaliplatin-
induced neuropathy. Neurology 2006; 67: 2253-2255.
Petrioli R, Paolelli L, Marsili S et al. FOLFOX-4 stop and go
and capecitabine maintenance chemotherapy in the treatment
of metastatic colorectal cancer. Oncology 2006; 70: 345-350.
Moore DH, Donnelly J, McGuire WP et al; Gynecologic On-
cology Group. Limited access trial using amifostine for pro-

77.

78.

79.

80.

81.

82.

83.

tection against cisplatin- and three-hour paclitaxel-induced
neurotoxicity: a phase II study of the Gynecologic Oncology
Group. J Clin Oncol 2003; 21: 4207-4213.

Davis ID, Kiers L, McGregor L et al. A randomized, double-
blinded, placebo-controlled phase II trial of recombinant hu-
man leukemia inhibitory factor (rhuLIF, emfilermin, AM424)
to prevent chemotherapy-induced peripheral neuropathy. Clin
Cancer Res 2005; 11: 1890-1898.

Stubblefield MD, Vahdat LT, Balmaceda CM, Troxel AB,
Hesdorffer CS, Gooch CL. Glutamine as a neuroprotective
agent in high-dose paclitaxel-induced peripheral neuropathy:
a clinical and electrophysiologic study. Clin Oncol (R Coll
Radiol) 2005; 17:271-276.

Maestri A, De Pasquale Ceratti A, Cundari S, Zanna C, Corte-
si E, Crino L. A pilot study on the effect of acetyl-L-carnitine
in paclitaxel- and cisplatin-induced peripheral neuropathy.
Tumori 2005; 91: 135-138.

Argyriou AA, Chroni E, Koutras A et al. Preventing paclitaxel-
induced peripheral neuropathy: a phase II trial of vitamin E sup-
plementation. J Pain Symptom Manage 2006; 32: 237-244.
Argyriou AA, Chroni E, Koutras A et al. Vitamin E for pro-
phylaxis against chemotherapy-induced neuropathy: a ran-
domized controlled trial. Neurology 2005; 64: 26-31.

San Miguel J, Bladé J, Boccadoro M et al. A practical update
on the use of bortezomib in the management of multiple my-
eloma. Oncologist 2006; 11: 51-61.

Jackson DV, Wells HB, Atkins N et al. Amelioration of vin-
cristine neurotoxicity by glutamic acid. Am J Med 1988; 84:
1016-1022.



