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Abstract

Objective: Chemotherapy-induced peripheral neuropathy is one of the major toxicities in multiple myeloma patients, often
resulting in dose reductions or treatment interruptions. Repetitive transcranial magnetic stimulation is a safe non-invasive
neuromodulation therapy with potential benefits for chemotherapy-induced peripheral neuropathy. The objective of this
study was to investigate the efficacy of repetitive transcranial magnetic stimulation treatment on chemotherapy-induced
peripheral neuropathy in multiple myeloma patients.

Materials and methods: We screened 30 multiple myeloma patients with chemotherapy-induced peripheral neuropathy
who underwent repetitive transcranial magnetic stimulation treatment in this study. Prior to and following repetitive
transcranial magnetic stimulation treatment, patients were assessed with nerve conduction velocity, visual analog scale
and the European Organization of Research and Treatment of Cancer Quality of Life Questionnaire-CIPN 20-item scale
(EORTC QLQ-CIPN20). Categorical and continuous variables were analyzed using Fisher’s exact test and Mann-Whitney U
test respectively. A p-value < 0.05 (2-tailed) was considered statistically significant.

Results: Following repetitive transcranial magnetic stimulation treatment, 24/30 (80.0%) patients reported a reduction in
chemotherapy-induced peripheral neuropathy symptoms. Meanwhile, all |5 patients with grade 2 chemotherapy-induced
peripheral neuropathy experienced improvements about themselves, compared to 8/10 patient with grade 3 chemotherapy-
induced peripheral neuropathy and |/5 with grade 4 chemotherapy-induced peripheral neuropathy. Visual analog scale
scores decreased after repetitive transcranial magnetic stimulation treatment (5.40 =1.94 vs 3.10 = 1.60, p<0.001). We
also observed enhancements in both motor conduction velocity and sensory conduction velocity of patients in bilateral
median nerves, posterior tibial nerves, common ulnar nerves and peroneal nerves following repetitive transcranial magnetic
stimulation treatment. Analysis of the European Organization of Research and Treatment of Cancer Quality of Life
Questionnaire-CIPN 20-item scale data (17.68 =8.14 vs 10.50 = 9.55, p <0.001) revealed significant reductions in scores.
Patients with grade 2—-3 (n=25) exhibited a mean reduction of 8.89 * 4.24 points, while those with grade 4 (n=5) showed a
difference value of 3.54 = 3.45, p <0.001. No adverse events were observed.

Conclusion: Our findings suggest that repetitive transcranial magnetic stimulation is a safe and effective therapeutic
approach for ameliorating peripheral nerve injury and alleviating the chemotherapy-induced peripheral neuropathy symptoms
in multiple myeloma patients. Early initiation of repetitive transcranial magnetic stimulation treatment may yield more
favorable outcomes for these patients.
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Introduction

Multiple myeloma (MM) is a malignancy originating from
monoclonal plasma cells of B cell origin; patients with
MM are considered to have poor outcomes. The introduc-
tion of novel agents, including proteasome inhibitors (PIs)
and immunomodulatory drugs (IMiD), has dramatically
improved the prognosis of MM.! However, the increasing
use of these new agents has drawn attention to their associ-
ated toxicities in recent years. Chemotherapy-induced
peripheral neuropathy (CIPN) as one of the major toxici-
ties of the treatments, often leads to dose reduction or
treatment interruptions. CIPN typically manifests as sen-
sory and motor neuropathy, with a predominant sensory
component, resulting in symptoms like limb pain and
numbness;? it significantly impacts the patient’s quality of
life and can lead to adverse outcomes.? For some patients,
particularly the elderly, who are unable to tolerate high-
intensity treatment, the current clinical treatment mainly
focuses on sequential chemotherapy. Severe CIPN can
necessitate dose reductions or less frequent chemotherapy
treatment, or even discontinuation of treatment, poten-
tially leading to disease relapse or progression.*

The current treatment such as pharmacological inter-
ventions often offer limited effectiveness, therefore,
there is a need for more effective therapeutic approaches.
In order to find more effective treatment methods, we
designed this study. Repetitive transcranial magnetic
stimulation (rTMS) is a safe, non-invasive neuromodula-
tion therapy that has found broad application in manag-
ing peripheral neuropathic disease, especially neuropathic
pain,>® and it holds the potential to be a beneficial and
effective treatment for CIPN.” The rTMS equipment
comprises one or two copper wire coils. During treat-
ment, the coil is precisely positioned on the brain surface
and generates electromagnetic pulses non-invasively,
then these pulses are transmitted through the skull with-
out attenuation to the cerebral cortex, followed by axonal
depolarization. This depolarization activates both corti-
cal and subcortical networks, enhances the excitability of
the corticospinal system, promotes neuronal plasticity,
improves synaptic transmission, and enhances the respon-
siveness of the nervous system, ultimately achieving
therapeutic goals.®

In this pilot study we monitored the nerve conduction
velocity (NCV) and changes of CIPN symptoms in 30 MM
patients before and after receiving rTMS treatment to
investigate the efficacy of rTMS treatment for CIPN in MM
patients.

Methods

Study design and patients

Thirty MM patients with CIPN from April 2019 to August
2022 who were treated with rTMS at the first people’s hospi-
tal of Lianyungang were screened in this study. Patients had
to meet specific inclusion criteria: 1. Diagnosis of MM and
receipt of PIs (bortezomib or ixazomib) and/or IMiD (lena-
lidomide), 2. Development of CIPN of grade 2 or higher,
graded according to the grading system of National Cancer
Institute Common Toxicity Criteria Adverse Event,” an
expected survival period of more than 6 months. Exclusion
criteria were as follows: 1. Patients with pacemakers, 2.
Epileptic patients, 3. Recent acute cerebral hemorrhage, 4.
Patients with metal objects in their heads, and 5. Active
infections.

The medium time of CIPN occupied after chemotherapy
was 2.5 months. All patients received pharmacological inter-
ventions, which included Vitamin B12, Vitamin B1, gabap-
entin, amitriptyline, pregabalin, and opioids when CIPN
occurred. However, these treatments yielded limited bene-
fits. Our study obtained approval from the institutional
review committee of First Peoples’ Hospital of Lianyungang
(approval number: LW-20230320001) and was conducted in
accordance with the Declaration of Helsinki; informed con-
sent was obtained from all subjects and/or their legal guard-
ians. Figure 1 provides a flowchart illustrating the
organizational structure of this study.

RTMS treatment

All patients underwent rTMS treatment. While most patients
exhibited symptoms affecting only one side of the upper and/
or lower extremities, the peripheral nerves of these patients
displayed varying degrees of damage. As a result, we
employed a standardized treatment approach that encom-
passed all limb nerves for every patient. Patients were posi-
tioned in supine position, and an “8” shaped magnetic
stimulation coil was utilized. The coil was consistently
aligned with the M1 region of the brain, alternating between
sides. The magnetic stimulation parameters included a fre-
quency of 10Hz, set at 80% of the resting motor threshold,
15 pulses per sequence, 1.5s of stimulation, a sequence
interval of 3s, and a total of 1400 magnetic pulses, equiva-
lent to a 7min treatment session. Bilateral M1 regions were
stimulated alternately, and the treatment sessions were
administered once a day for 14 min each, five times a week,
for a total of 6weeks per treatment course. Patients were
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Figure |. The flowchart of this study.

closely monitored for any discomfort or adverse events dur-
ing and following treatment. rTMS was administered using a
transcranial magnetic stimulator (Yiruide, CCY-II, China).

Assessments

Prior to and following rTMS treatment, patients underwent
a series of assessments to evaluate treatment outcomes
including visual analog scale (VAS), NCV and the European
Organization of Research and Treatment of Cancer Quality
of Life Questionnaire-CIPN 20-item scale (EORTC QLQ-
CIPN20). Assessments were conducted at two time points:
(1) pre-treatment (1-3 days before the commencement of
rTMS treatment), and (2) post-treatment (1 week after the
completion of the last rTMS session). Differences in the
severity of CIPN could be objectively and quantitatively
accessed by NCV.'” We monitored the motor conduction
velocity (MCV) and sensory conduction velocity (SCV) of
patients’ bilateral median nerves, tibial nerves, ulnar nerves
and peroneal nerves by using key point full-function elec-
tromyograph, the normal value of NCV (both MCV and
SCV) in the upper limb is =50 m/s, while in the lower limb,
it is =40m/s. EORTC QLQ-CIPN20 life questionnaire is
validated and reliable, which is used to assess the severity
of CIPN symptoms experienced by patients.!"'? This vali-
dated and reliable questionnaire comprises three subscales:
sensory (9 items), motor (8 items), and autonomic symp-
toms and functioning (3 items). It includes 20 items with a
4-points Likert scale'? (1="*not at all” to 4="very much”).
Scale scores were linearly converted to a 0 to 100 scale,
with higher scores indicating a greater symptom burden.!?

Table I. Clinical characteristics of the patients (n=30).

Median age (years) 52
Gender

Male 24

Female 6
Chemotherapy regimen

VRD 20

PCD 8

IRD 2
CIPN grade

2 I5

3 10

4 5
Symptoms

Pain 24

Dysesthesia 30

Dyskinesia 28
Extremities with the most obvious symptoms

Upper limbs 18

Lower limbs 12

VRD: bortezomib, lenalidomide and dexamethasone; IRD: ixazomib,
lenalidomide and dexamethasone; PCD: bortezomib, cyclophosphamide
and dexamethasone.

Pain experienced by CIPN patients was assessed using
VAS. This scale is widely used in clinical practice in China.
The methodology involves employing a 10cm long swim-
ming ruler with 10 scales on one side and “0” and “10”
points at both ends. A score of 0 represents the absence of
pain, while a score of 10 indicates the most severe, unbear-
able pain.'*

Statistical analysis

GraphPad Prism and SPSS 26.0 software were used to ana-
lyze the data and plot. Fisher’s exact test and Mann-Whitney
U test were used to assess categorical and continuous varia-
bles. p value <0.05 (2-tailed) was statistically significant.

Results

A summary of the subjects’ clinical characteristics can be
found in Table 1. Patients presented with a range of CIPN
symptoms, including pain, dysesthesia, and dyskinesia. The
predominant symptom among patients was somatosensory-
related. Following rTMS treatment, 24/30 (80.0%) patients
reported a reduction in their CIPN symptoms. Among these
24 patients, two ceased pharmacological CIPN intervention,
five reduced their medication dosage, while 18 of them con-
tinued with the same medication dose. Furthermore, all 15
patients with grade 2 CIPN experienced symptom improve-
ment for themselves, compared to 8/10 patient with grade 3
CIPN and 1/5 with grade 4 CIPN. We assessed VAS for 24
patients with pain. For the 24 patients experiencing pain,
their VAS scores decreased significantly following rTMS
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Table 2. SCV of patients with nerve injuries (n=30).

Nerves Median nerves Ulnar nerves Tibial nerves Peroneal nerves
Left Right Left Right Left Right Left Right
n 17 I5 20 I8 13 10 I 10
SCV (mls) 39.76 2493  39.73+474 3895*6.03 3967528 32.15+3.74 3520+4.89 33.36*+3.04 3440490
Table 3. MCV of patients with nerve injuries (n=30).
Nerves Median nerves Ulnar nerves Tibial nerves Peroneal nerves
Left Right Left Right Left Right Left Right
n 6 8 9 5 4 6 10 5
MCV (m/s) 43.83*+2.86 4288203 4478+3.19 4620+228 3500+0.82 36.67*+1.86 3720*+140 36.60* 152

treatment (5.40 £1.94 vs 3.10 £ 1.60, p <0.001), indicating
significant pain relief. Importantly, no noticeable adverse
events were observed during the treatment.

We detected the NCV of bilateral median nerves, poste-
rior tibial nerves, common ulnar nerves and peroneal nerves
of patients before and after rTMS treatment. The results indi-
cated varying degrees of reduction in SCV of limbs, even
among patients not experiencing symptoms in all limbs.
Additionally, partial patients exhibited varying degrees of
reduction in MCV despite the absence of dyskinesia-related
symptoms. For instance, patient No. 11 with grade 3 CIPN
primarily complained of right upper limb pain, but showed
no motor impairment. Nonetheless, SCV in all extremities
and MCYV in both upper decreased during NCV examination.
Tables 2 and 3 summarize the SCV and MCV for each nerve
injury of the patients. The comparisons of bilateral SCV and
MCYV before and after rTMS are presented in Figures 2 and
3, which show improvements in both SCV and MCV follow-
ing rTMS treatment.

All patients underwent EORTC QLQ-CIPN20 assess-
ments before and after treatment. The data (Pre: 17.68 £ 8.14
vs Post: 10.50 =9.55, p<0.001) revealed statistically sig-
nificant reductions in scores across all items, which indicates
a reduction in CIPN symptoms following rTMS treatment.
The results for the EORTC QLQ-CIPN20 subscales are
depicted in Figure 4, highlighting significant differences
before and after treatment across all three CIPN20 subscales.
After rTMS treatment, the EORTC QLQ-CIPN20 scale of
the patients with grade 2-3 (n=25) decreased by
8.89 = 4.24points, while the difference value of patients
with grade 4 (n=5) was 3.54 = 3.45, the difference was sta-
tistically significant (p <0.001).

Discussion

We have retrospectively analyzed the clinical data of 30 MM
patients with CIPN to assess the efficacy and safety of rTMS
as a therapeutic approach. Our findings strongly indicate that

rTMS is a secure and efficacious therapeutic approach for
ameliorating peripheral nerve injury and alleviating the
CIPN symptoms in these patients.

It’s important to note that MM remains an incurable dis-
case.'” Despite the emergence of new drugs such as CD38
monoclonal antibody daritozumab,'® SLAMF7 monoclo-
nal antibody elotuzumab!” and histone deacetylase
(HDAC) inhibitor panobinostat'® in recent years, first-line
treatment still revolves around sequential chemotherapy
regimen, primarily incorporating PI and/or IMiD. Both PI
and IMiD exhibit substantial anti-MM activity. The
sequential chemotherapy effectively extends the survival
time of MM patients and ameliorates the clinical symp-
toms caused by MM. ! Notably, the incidence of CIPN in
MM patients treated with PI and IMiD can be as high as
75%* and 30%~60%,%' respectively. The precise patho-
genesis of CIPN in MM patients remains elusive. Metabolic
changes resulting from bortezomib accumulation in dorsal
root ganglia cells, mitochondrial-mediated dysregulation
of calcium homeostasis, and dysregulation of neurotro-
phins may contribute to the pathogenesis of CIPN.?
Furthermore, CIPN might be influenced by gene polymor-
phisms related to the repair mechanisms and peripheral
nervous system inflammation.?* While the availability of
some new targeted medicines had improved treatment
safety,?* their high cost has discouraged many patients,
particularly those from economically disadvantaged
regions. Given that CIPN can be refractory, it poses a sig-
nificant burden on patients undergoing chemotherapy and
can even lead to treatment abandonment.? In our study, 15
patients had to postpone or even discontinue treatment due
to grade 3—4 CIPN, particularly grade 4 CIPN. Following
rTMS treatment, 6 (40%) patients could resume chemo-
therapy, significantly reducing the risk of MM progression
or relapse. This underscores the potential effectiveness of
rTMS in managing CIPN in MM patients. Nevertheless,
owing to the limitations of this retrospective study, pro-
spective clinical trials were warranted for further
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Figure 2. Comparisons of SCV of patients with nerve injuries before and after rTMS. Median nerve: left: 39.76 +4.93 m/s versus
44.29 = 4.34m/s (p=0.013); right: 39.73 = 4.74 m/s versus 43.4 = 5.65m/s (p=0.045). Ulnar nerve: left: 38.95 + 6.03 m/s versus
43.60 = 5.72m/s (p=0.023); right: 39.67 = 5.28 m/s versus 43.44 = 5.22m/s (p=0.051). Tibial nerve: left: 32.15 = 3.74m/s versus
36.46 =4.99m/s (p=0.029); right: 35.20 £ 4.89m/s versus 39.10 = 5.69 m/s (p=0.023). Peroneal nerves: left: 33.36 = 3.04m/s versus
36.55 + 3.80m/s (p=0.023); right: 34.40 = 4.90m/s versus 38.20 = 5.22m/s (p=0.105).
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Figure 3. Comparisons of MCV of patients with nerve injuries before and after rTMS. Median nerve: left: 43.83 == 2.86 m/s versus
53.00 =2.19m/s (p=0.002); right: 42.88 = 2.03 m/s versus 50.75 = 3.05m/s (p <0.001). Ulnar nerve: left: 44.78 = 3.19 m/s versus
51.00 =4.03m/s (p=0.002); right: 46.20 = 2.28 m/s versus 52.80 = 3.90 m/s (p=0.008). Tibial nerve: left: 35.00 = 0.82 m/s versus
42.75 = 4.57 m/s (p=0.029); right: 36.67 = .86 m/s versus 43.00 = 3.4| m/s (p=0.004). Peroneal nerves: left: 37.20 = 1.40 m/s versus
42.80 = 3.36m/s (p<0.001); right: 36.60 = 1.52m/s versus 43.20 + 2.86 m/s (P=0.008).
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Figure 4. Comparisons of EORTC QLQ-CIPN20 subscale scores before and after rTMS. All subscale scores were linearly converted
to a 0 to 100 scale; data are presented as mean * standard deviation. Sensory symptoms: 24.35 = 11.22 versus 16.48 = |3.85, p=0.002;
Motor symptoms: 11.70 = 8.10 versus 4.69 + 6.97, p <0.001; Autonomic symptoms: 12.92 = 9.87 versus 7.50 = 9.56, p=0.022.

validation. Additionally, for the remaining nine patients,
exploring new treatment remains imperative to enhance
the prognosis of these patients.

Previous clinical studies have highlighted the consider-
able therapeutic potential of rehabilitation treatments for
individuals experiencing peripheral neuropathy due to neu-
rotoxic medicine.?*?’ In the context of MM, acupuncture
has emerged as a promising approach to address the diverse
symptoms associated with CIPN.?® Furthermore, rTMS, as
a novel and safe method of brain stimulation, has demon-
strated significant efficacy in managing neuropathic
pain.?*3% A pilot study suggested that rTMS could be poten-
tially beneficial and effective for addressing not only pain
but also dysesthesia in CIPN patients with breast or gyneco-
logic cancer.” In our study, the assessment via the EORTC
QLQ-CIPN20 life questionnaire, which evaluated patients’
symptoms, revealed that rTMS effectively reduced CIPN
symptoms induced by PI and IMiD. This finding suggests
that rTMS holds promise for alleviating CIPN symptoms in
MM patients. Additionally, the results of NCV before and
after treatment demonstrated improvements in both MCV
and SCV of patients, further supporting the potential of
rTMS to enhance peripheral nerve injury. The underlying
therapeutic mechanisms of rTMS remain under investiga-
tion, proposed therapeutic mechanisms of rTMS include:
(1) the regulation of cerebral cortex excitability’!; (2) mod-
ulation of local brain blood flow??; and (3) enhancement of
neurotransmitter levels®®; etc. Besides, there is no more
data to suggest how to choose the stimulation frequency,
stimulation intensity, etc. These problems require more
research in the future.

CIPN can persist for extended periods, significantly
affecting the quality of life of MM patients.** Previous stud-
ies have indicated that rTMS may be less effective in cases
of severe dysesthesia.*> Our study demonstrated that patients
with grade 2 CIPN achieved a high rate (100%) of symptom

improvement following rTMS treatment. On the contrary,
only 1 (20%) patient with CIPN4 achieved remission.
Furthermore, the results of EORTC QLQ-CIPN20 before
and after treatment suggested that patients with lower-grade
CIPN tended to experience more significant treatment
effects. These findings underscore the importance of moni-
toring the severity of patients and initiating early interven-
tions for CIPN. In addition, the authors hypothesize that
preventive rTMS treatment may reduce the incidence of
CIPN, but the exact mechanism has not been clarified; more
researches are needed to validate this viewpoint.

The following information provides details on the limita-
tions of the study. The small patient cohort, the absence of a
power analysis for sample size calculation, and its retrospec-
tive nature, may impact the robustness of the results.
Therefore, our results suggest the potential for clinical treat-
ment, rather than definitive conclusions. Given the low inci-
dence rate of the disease, obtaining large samples at a single
center is challenging, highlighting the need for larger-scale
multicenter clinical trials.

Conclusion

Our study demonstrates that rTMS is effective and safe for
patients diagnosed with CIPN in the context of MM. The
evaluation and monitoring of CIPN are pivotal aspects of
clinical practice; early initiation of rTMS treatment could
yield superior therapeutic outcomes for MM patients grap-
pling with CIPN. To firmly establish these findings and
expand our understanding, further randomized controlled
studies are imperative.
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