
Vol.:(0123456789)1 3

Clinical Autonomic Research (2022) 32:497–506 
https://doi.org/10.1007/s10286-022-00895-w

RESEARCH ARTICLE

Association of electrochemical skin conductance with neuropathy 
in chemotherapy‑treated patients

Fawaz Mayez Mahfouz1 · Susanna B. Park1   · Tiffany Li1 · Hannah C. Timmins1 · Lisa G. Horvath2,3,4 · 
Michelle Harrison2,5 · Peter Grimison2,3 · Tracy King6,7 · David Goldstein8,9 · David Mizrahi8,10

Received: 1 August 2022 / Accepted: 6 September 2022 / Published online: 21 September 2022 
© The Author(s) 2022

Abstract
Purpose  Chemotherapy-induced peripheral neuropathy (CIPN) is an adverse event of cancer treatment that can affect sensory, 
motor, or autonomic nerves. Assessment of autonomic neuropathy is challenging, with limited available tools. Accordingly, 
it is not routinely assessed in chemotherapy-treated patients. In this study, we aimed to examine whether electrochemical 
skin conductance (ESC) via Sudoscan, a potential measure of autonomic function, associates with subjective and objective 
measures of CIPN severity and autonomic neuropathy.
Methods  A cross-sectional assessment of patients who completed neurotoxic chemotherapy 3–24 months prior was under-
taken using CIPN patient-reported outcomes (EORTC-QLQ-CIPN20), clinically graded scale (NCI-CTCAE), neurologi-
cal examination score (TNSc), autonomic outcome measure (SAS), and Sudoscan. Differences in CIPN severity between 
participants with or without ESC dysfunction were investigated. Linear regression analyses were used to identify whether 
ESC values could predict CIPN severity.
Results  A total of 130 participants were assessed, with 93 participants classified with CIPN according to the clinically graded 
scale (NCI-CTCAE/grade ≥ 1), while 49% demonstrated hands or feet ESC dysfunction (n = 46). Participants with ESC 
dysfunction did not significantly differ from those with no dysfunction on multiple CIPN severity measures (clinical-grade, 
patient-report, neurological examination), and no differences on the autonomic outcome measure (SAS) (all p > 0.0063). 
Linear regression analyses showed that CIPN could not be predicted by ESC values.
Conclusions  The inability of ESC values via Sudoscan to predict clinically-graded and patient-reported CIPN or autonomic 
dysfunction questions its clinical utility for chemotherapy-treated patients. The understanding of autonomic neuropathy with 
chemotherapy treatment remains limited and must be addressed to improve quality of life in cancer survivors.

Keywords  Chemotherapy-induced peripheral neuropathy (CIPN) · Sudomotor · Sudoscan · Autonomic · Electrochemical 
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Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) 
is a common adverse effect of numerous neurotoxic 
chemotherapy agents, including vinca alkaloids, taxanes, 
platinum compounds, bortezomib, and thalidomide [1]. 
The pathophysiological mechanisms of CIPN remain ill-
defined; however, off-target effects of chemotherapy on 
peripheral nerve fibres may trigger its manifestation in 
patients [2]. CIPN produces symptoms of sensory loss, 
paraesthesia, poor dexterity, and pain, which may signifi-
cantly impact the patient’s quality of life [3]. Although 
CIPN predominantly affects large sensory nerve fibre 
function [4], small sensory fibres may also be affected, 
resulting from damage occurring to unmyelinated C-fibres 
and thinly myelinated A-delta fibres [5]. Small fibre neu-
ropathy may be accompanied by symptoms of sporadic 
burning and shock-like pain [6], as well as impairment of 
autonomic function [7], including blood pressure, diges-
tion and perspiration [8].

While there remains no gold-standard clinical out-
come measures for CIPN [9], there are a range of vali-
dated methods examining large fibre dysfunction in 
CIPN, including neurophysiological assessments, clinical 
examination [10] and patient-reported outcome measures 
[11]. However, there is a lack of validated tools to meas-
ure small nerve fibre damage or autonomic neuropathy in 
CIPN [12]. Available techniques to examine small nerve 
fibre integrity, such as skin biopsy, have limited utility in 
clinical practice due to invasiveness, cost and delays in 
receiving results [13].

Since sudomotor sweat gland function is innervated 
by small nerve fibres [14], techniques have been devel-
oped to assess sudomotor function to provide an index 
of autonomic neuropathy. The Quantitative Sudomotor 
Axon Reflex Test (QSART) is a sensitive and reproduc-
ible test of sudomotor function, but is limited by cost and 
extensive patient preparation time [15, 16]. Since electro-
chemical skin conductance (ESC) depends on sweat gland 
function [17], its values may quantify sudomotor function 
and provide a surrogate marker for autonomic neuropa-
thy. Sudoscan has been developed as a method to measure 
ESC, with preliminary findings suggesting its potential 
use as a measure of small nerve fibre function across dis-
orders, such as diabetic peripheral neuropathy [16]. Nev-
ertheless, the Sudoscan technique has been criticised as 
lacking evidence for a direct link between ESC and small 
nerve fibre or autonomic function, as well as discrepancies 
with normative datasets [18]. A blinded-prospective study 
demonstrated reduced intraepidermal nerve fibre density 
(IENFD) measured via skin biopsy was associated with 
lower ESC values via Sudoscan in small fibre neuropathy 

[19]. However, a subsequent cohort study of patients with 
polyneuropathy found that the association between ESC 
and IENFD was not strong, and that additional mecha-
nisms may be required to explain sweat gland dysfunction 
in peripheral neuropathy [20].

Sudoscan techniques have only been utilised in three pre-
vious CIPN studies [15, 21, 22]. Although reduced ESC val-
ues were associated with CIPN severity [22], including the 
Total Neuropathy Score [15] and measures of neuropathic 
pain [21], broader comparisons of CIPN outcome measures 
and ESC values in patients with CIPN are needed to inves-
tigate the utility of Sudoscan in this population. Further, 
mechanistic understanding of the physiological contributors 
to ESC values are needed to determine the clinical signifi-
cance of reduced ESC in the context of CIPN.

Therefore, the primary aim of this study was to examine 
the association of ESC dysfunction with clinical, patient-
reported, and neurophysiological measures of CIPN among 
neurotoxic chemotherapy-treated patients. Additionally, we 
aimed to identify whether ESC values via Sudoscan were 
predictive of CIPN severity, pain, and autonomic outcomes.

Methods

Participants

Participants who completed neurotoxic chemotherapy 
(including taxanes, platinum-based agents, bortezomib, 
vinca alkaloids and thalidomide) were recruited cross-
sectionally from Sydney, Australia, between June 2017 and 
March 2020. Participants who were aged ≥ 18 years and 
3–24 months post-treatment were eligible. The study was 
approved by Sydney Local Health District (RPAH zone) 
Human Research Ethics Committee, with informed consent 
obtained from each participant.

Procedures

Clinical data (age, height, chemotherapy type, cancer diag-
nosis and stage) were retrieved from medical records. Par-
ticipants’ weight was assessed during their study visit. Body 
mass index (BMI) was calculated as kg/m2.

Electrochemical skin conductance measurement

ESC was evaluated by assessing sweat gland function using 
the Sudoscan device (Impeto Medical, Paris, France) [23]. 
Participants placed their palms (hands) and soles (feet) 
onto the electrodes in a standing position for 2–3 min. A 
direct current of ≤ 4 V was applied through the electrodes 
by chronoamperometry which generated a current relative 
to the chloride ions extracted from the skin through the 
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mechanism of reverse iontophoresis [23–27]. The ESC 
values were quantified in microSiemens (µS) based on the 
reaction between chloride ions from the sweat glands and 
the direct current generated from the electrodes [23]. The 
electrodes were sterilised before each test, and the test was 
repeated twice for both the hands and feet, with the average 
ESC value taken separately for the hands and feet. Average 
ESC values were categorised as no dysfunction (≥ 60 μS) 
or dysfunction (< 60 μS), as in prior studies [24, 26]. Par-
ticipants were classified with ESC dysfunction if they had 
dysfunction in the hands, feet, or both.

Clinical neuropathy assessment

CIPN severity was assessed using the Total Neuropathy 
Score-clinical version (TNSc©, Johns Hopkins Univer-
sity), a composite tool of six domains including upper and 

lower limb pin-prick sensory and vibration sensibility, deep 
tendon reflexes, strength assessment and patient-reported 
sensory and motor symptoms [28, 29]. Each domain was 
graded between 0 ‘normal’ and 4 ‘severe’, with a total score 
ranging from 0 ‘no neuropathy’ to 24 ‘severe neuropa-
thy’; Researchers completed training to ensure reliability 
across assessors. Researchers graded CIPN severity via the 
National Cancer Institute Common Terminology Criteria for 
Adverse Events (NCI-CTCAE) sensory neuropathy subscale 
Version 4.0 categorised: Grade 0 ‘no symptoms’, Grade 1 
‘asymptomatic, not interfering with daily function’, Grade 
2 ‘moderate symptoms, limiting daily function’, Grade 3 
‘severe symptoms, limiting daily function and self-care’, and 
Grade 4 ‘disabling’[30]. Nerve conduction studies (NCS) 
were undertaken to record maximal amplitude of lower limb 
tibial and sural nerves, using methodology as reported in 
previous studies [31].

Patient‑reported outcome measures

The European Organisation of Research and Treatment of 
Cancer Quality of Life Questionnaire-Core (EORTC-QLQ-
CIPN-20) is a 20-item validated questionnaire assessing motor, 
sensory and autonomic peripheral neuropathy symptoms, rat-
ing each item on a 4-point Likert scale from 1 ‘not at all’ to 4 
‘very much’, converted to a 0–100 scale, with higher scores 
indicating more severe CIPN [32]. The Survey of Autonomic 
Symptoms (SAS) questionnaire is an 11-item questionnaire 
to measure autonomic symptoms based on two scores: total 
number of symptoms (SAS symptom score), and total impact 
score (SAS impact score) graded from 1 ‘least severe’ to 5 
‘most severe’ for each reported symptom [33]. Questions 
assessing the following autonomic symptom domains were 
grouped: sudomotor, gastrointestinal, vasomotor, orthostatic, 
and urinary function. The total number of symptoms is calcu-
lated as the sum of total reported symptoms, whilst the total 
impact score is the sum of the total burden from each reported 
symptom. The SAS domains have been well-validated with 
other measures of autonomic function, displaying strong corre-
lations with Autonomic Symptom Profile (ASP) domains and 
QSART measurements [33]. Male specific questions (Question 
20 EORTC-QLQ-CIPN20; question 12 SAS) were omitted 
from analysis. The Pain Numeric Rating Scale (PNRS) was 
utilised to assess the worst neuropathic pain that participants 
have experienced in the last 24 h prior to testing. The scale 
ranges from 0 to 10, with ‘0’ representing ‘no pain at all’ and 
10 representing ‘the worst pain possible’ [34].

Table 1   Clinical and demographic characteristics of participants

Total cohort (n = 130)

n %

Sex, female 87 67
Cancer types
 Breast 43 33
 Gynaecological 27 21
 Haematological 19 15
 GI/colorectal 14 11
 Testicular 12 9
 Other (prostate, pancreatic and urothelial) 15 11

Chemotherapy types
 Taxane 79 61
 Platinum-based 31 24
 Bortezomib 17 13
 Thalidomide 2 1.5
 Nab-paclitaxel 1 0.5

Cancer stage of solid tumours
 I 8 6
 II 28 22
 III 34 26
 IV 38 29
 Non-solid (no stage) 19 15
 Undefined 3 2

Median IQR (25th 
–75th per-
centile)

Age (years) 58.6 47.6–66.5
BMI (kg/m2) 27.1 23.8–30.6
Months since treatment completion 6.0 3.0–12.0
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Statistical analyses

All analyses were conducted using SPSS Statistics Software 
V27 (IBM; Armonk, NY, USA) and followed the STROBE 
statement for observational studies [35]. Normality of data was 
assessed using the Shapiro–Wilk test. Normally distributed 
data (p > 0.05) were presented as mean ± standard deviation 
(SD), while non-normally distributed data (p < 0.05) were 
presented as medians and interquartile range (IQR). Independ-
ent sample t tests or Mann–Whitney U tests were used for 
normally and non-normally distributed data, respectively, to 
explore mean differences between clinical, neurophysiologi-
cal and CIPN outcome measure scores of the two cohorts 
(participants with ESC dysfunction vs. no-ESC dysfunction). 
The associations between ESC values via Sudoscan, clinical 
characteristics, CIPN, pain and autonomic outcome measures 
were calculated using Pearson’s or Spearman’s correlation 
coefficients for normally and non-normally distributed data, 

respectively. Where specified, the Bonferroni correction was 
applied, modifying the significance level from p < 0.05 to 
p < 0.0063 due to the number of contrasts. Finally, we exam-
ined the ability of ESC values and clinical characteristics to 
predict patient scores on CIPN severity and autonomic out-
come measures using linear regression. The independent vari-
ables were age, sex, BMI, hand ESC and feet ESC. Dependent 
variables were scores of patient-reported outcome measure 
(EORTC-QLQ-CIPN20), neurological examination score 
(TNSc), sural and tibial amplitudes, and sudomotor dysfunc-
tion of the autonomic outcome measure (SAS). The independ-
ent variables of the model were checked for multicollinearity. 
Linear regression was bootstrapped to account for non-normal 
distribution of the residuals and to produce robust confidence 
intervals.

Table 2   Comparison of 
neuropathy outcomes between 
patients with ESC and no ESC 
dysfunction

p < 0.0063 was considered significant due to Bonferroni correction (in bold)
*Indicates p values using independent sample t tests

Assessment tools No CIPN (NCI-CTCAE 
grade 0) (n = 37)

CIPN (NCI-CTCAE 
grade ≥ 1) (n = 93)

P value

Median IQR (25–75th 
percentile)

Median IQR (25–75th 
percentile)

Clinical characteristics
 Age (years) 49 35.7–55.2 61.1 53.5–68.6  < 0.001
 BMI (kg/m2) 26.4 22.6–30.5 27.1 23.8–30.6 0.40

CIPN outcome measures
 EORTC-QLQ-CIPN20 0 0–1.8 14.0 8.8–22.8  < 0.001
 NCI-CTCAE 0 0–0 2 1–2  < 0.001
 TNSc 1 0–3 5 3–7  < 0.001

Neurophysiological measurements
 Tibial amplitudes (mV), mean (SD)* 12.7 4.6 9.7 4.3 0.002
 Sural amplitudes (µV) 18 10.3–22.0 7.5 4.5–12.0  < 0.001

Pain measures
 PNRS 0 0–0 0 0–0 0.02

Autonomic outcome measures
 Symptom score 1 0–2 2 1.0–3.3 0.02
 Total impact score 1 0–5 4 1–8 0.03
 Orthostatic dysfunction 0 0–0 0 0–1 0.29
 Sudomotor dysfunction 0 0–1 1 0–1 0.03

Vasomotor dysfunction 0 0–1 1 0–1 0.04
 Gastrointestinal dysfunction 0 0–0 0 0–1 0.42
 Urinary dysfunction 0 0–0 0 0–0 0.67

Electrochemical skin conductance via sudoscan
 Hands ESC (average) 70 60.8–78.0 66 51.8–73.5 0.17
 Feet ESC (average) 74.5 69.5–79.8 71.0 56.3–78.3 0.04
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Results

Demographics and clinical history

A total of 130 neurotoxic chemotherapy-treated partici-
pants were assessed cross-sectionally at a median of 6.0 
(3.0–12.0) months post-treatment completion. Of these, 
67% were female (n = 87), and the median age at the time 
of assessment was 58.6 years (47.6–66.5) (Table 1). The 
most common cancer types were breast (33%, n = 43) and 
gynaecological (21%, n = 27). The most common chemo-
therapy types were taxanes (61%, n = 79) and platinum-
based (24%, n = 31). Clinical and demographic informa-
tion is displayed in Table 1.

Chemotherapy‑induced peripheral neuropathy 
profile

Overall, 28% of participants (n = 37) had no CIPN symp-
toms (Grade-0) at the time of assessment using a clinically 
graded scale (NCI-CTCAE), while 72% (n  =  93) were 
graded with CIPN symptoms of any severity (Grade ≥ 1), 
while 23% were classified with mild CIPN (Grade-1; 
n = 30), 42% with moderate (Grade-2, n = 54), and 7% 
with severe CIPN (Grade-3, n = 9). Using the neurological 

examination score (TNSc), the median score of the cohort 
was 3.5 (2.0–6.0) (out of 24). From the TNSc score, 62% 
had reduced pinprick sensation (score ≥ 1, n = 81), 22% had 
reduced vibration sensation (score ≥ 1, n = 29), 73% had 
abnormal tendon reflexes (score ≥ 1, n = 95) and none had 
reduced ankle plantar flexor strength (score = 0, n = 130). 
Also, 17% (n = 22) reported some nerve pain (≥ 1/10) in the 
24 h prior to the study visit. Based on the patient-reported 
autonomic neuropathy outcome measure (SAS), completed 
by 81 participants, 52% reported having sudomotor dysfunc-
tion (n = 42), 45% reported vasomotor dysfunction (n = 36), 
36% reported orthostatic dysfunction (n = 29), 28% reported 
gastrointestinal dysfunction (n = 20) and 11% reported uri-
nary dysfunction (n = 9).

Participants with CIPN were older (p < 0.001) and had 
significantly greater CIPN severity score on multiple CIPN 
outcome measures versus those without CIPN (Table 2), 
including the patient-reported outcome (EORTC-QLQ-
CIPN20; p < 0.001), clinically graded scale (NCI-CTCAE; 
p < 0.001) and neurological examination scores (TNSc; 
p < 0.001). Sural and tibial amplitudes were significantly 
reduced in participants with CIPN compared to those with-
out CIPN (all p < 0.002) (Table 2). In patients with CIPN, 
higher scores on the patient-reported outcome measure 
(EORTC-QLQ-CIPN20) correlated with higher autonomic 
outcome measure (SAS) symptom score (r = 0.48) and total 
impact score (r = 0.47) (both p < 0.001). However, despite 
this, there was no significant difference in the autonomic 

Table 3   Associations between 
clinical characteristics, 
neurophysiological 
measurements and CIPN 
outcome measures with hands 
and feet ESC in participants 
with CIPN

p < 0.0063 was considered significant due to Bonferroni correction. The use of Pearson’s r or Spearman’s 
rs is denoted in the table

Assessment tools Hands ESC (n = 93) Feet ESC (n = 93)

Clinical characteristics
 Age (years) rs = − 0.19, p = 0.06 rs = − 0.25, p = 0.02
 BMI (kg/m2) rs = 0.14, p = 0.19 rs = − 0.02, p = 0.88

Neurophysiological measurements
 Tibial amplitudes (mV)* r = 0.15, p = 0.20 r = 0.15, p = 0.21
 Sural amplitudes (µV) rs = 0.14, p = 0.23 rs = 0.24, p = 0.04
 CIPN outcome measures
 TNSc rs = − 0.16, p = 0.12 rs = − 0.17, p = 0.09
 EORTC-QLQ-CIPN 20 rs = − 0.18, p = 0.09 rs = − 0.16, p = 0.14
 NCI-CTCAE rs = − 0.19, p = 0.07 rs = − 0.17, p = 0.09

Pain measures
 PNRS rs = 0.01, p = 0.96 rs = − 0.21, p = 0.05

Autonomic outcome measures
 Symptom score rs = 0.02, p = 0.91 rs = − 0.12, p = 0.36
 Total impact score rs = − 0.04, p = 0.79 rs = − 0.12, p = 0.35
 Sudomotor dysfunction rs = − 0.09, p = 0.49 rs = − 0.20, p = 0.13
 Vasomotor dysfunction rs = − 0.10, p = 0.48 rs = − 0.06, p = 0.66
 Gastrointestinal dysfunction rs = 0.01, p = 0.97 rs = − 0.14, p = 0.31
 Urinary dysfunction rs = 0.04, p = 0.79 rs = 0.02, p = 0.87
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outcome measure (SAS) domain scores between patients 
with and without CIPN (all p > 0.0063) (Table 2). ESC val-
ues via Sudoscan, including average hand ESC and feet ESC, 
were also not statistically different between participants with 
or without CIPN (all p > 0.0063) (Table 2).

ESC dysfunction and CIPN severity in cancer 
survivors exposed to neurotoxic chemotherapy

Of the 93 participants with CIPN, 49% (n = 46) had any ESC 
dysfunction, while 51% (n = 47) had no dysfunction, and 
39% (n = 36) experienced ESC dysfunction in their hands, 
30% (n = 28) experienced ESC dysfunction in their feet, 
while 19% (n = 18) had dysfunction in both their hands and 
feet. There were no significant correlations between clini-
cal, neurophysiological, or autonomic outcome measures 

with ESC values for either hands or feet (all p > 0.0063) 
(Table 3), including the patient-reported outcome measure 
(EORTC-QLQ-CIPN20) and the neurological examination 
score (TNSc) (Fig. 1).

CIPN severity from patient-reported outcome (EORTC-
QLQ-CIPN20), clinically graded scale (NCI-CTCAE) and 
neurological examination score (TNSc) were not signifi-
cantly different between participants with and without ESC 
dysfunction (all p > 0.0063) (Table 4). Neurophysiological 
measurements did not significantly differ between partici-
pants with and without ESC dysfunction (p > 0.0063). None 
of the individual items or total scores of the autonomic out-
come measure were different between participants with and 
without ESC dysfunction (p > 0.0063) (Table 4).

Fig. 1   ESC values (via Sudos-
can) of the hands and feet with 
A patient-reported outcome 
measure (EORTC-QLQ-
CIPN20) and B neurological 
examination score (TNSc); solid 
line the line of best fit for hand 
ESC, and dashed line feet ESC
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Predictive models of CIPN severity

Linear regression analyses revealed that age was a significant 
predictor of all clinically graded and patient-reported CIPN 
severity measures, including the patient-reported outcome 
(EORTC-QLQ-CIPN20, p = 0.002) and the neurological 
examination score (TNSc, p = 0.001), but not of patient-
reported sudomotor function (p > 0.05) (Table 5). Sex was 
a predictor of sural amplitudes (p = 0.001), while BMI was a 
predictor of tibial amplitudes (p = 0.003) (Table 5). Neither 
hand ESC nor feet ESC values could predict CIPN severity 
with any measures, including the sudomotor dysfunction 
sub-scale of the autonomic outcome measure (all p > 0.05) 
(Table 5).

Discussion

There is a need to establish reliable and easily implementa-
ble measures of nerve dysfunction among patients treated 
with neurotoxic chemotherapy. In particular, assessment 
of autonomic neuropathy in the context of CIPN has been 
inadequately explored. This study investigated an easily 

implementable measure of autonomic and small nerve fibre 
neuropathy associated with patient-reported and clinical 
measures of CIPN severity. However, hands and feet Sudos-
can ESC values were not associated with CIPN measures 
nor autonomic outcome measures. Furthermore, ESC val-
ues failed to predict CIPN severity or autonomic neuropathy 
using linear regression analyses.

While there are a range of assessment tools for large fibre 
neuropathy in chemotherapy-treated patients, assessment of 
small fibre neuropathy and autonomic dysfunction remains 
limited [12]. IENFD, assessed via skin biopsy, provides a 
diagnostic tool for small fibre neuropathy. However, while 
some studies have revealed reduced IENFD with neurotoxic 
chemotherapy, others have not found reduced IENFD follow-
ing treatment [12, 36]. Further, routine use of skin biopsy in 
clinical settings is not practical. Accordingly, other methods 
have been developed to attempt to assess small nerve fibre 
integrity and autonomic function. These include measure-
ment of sudomotor activity via ESC as a measure of elec-
trically-induced chloride ion conductance from the sweat 
glands on the skin surface [23]. However, it remains unclear 
if ESC reflects sudomotor fibre activity directly or is largely 
a measure of sweat gland activity [37].

Table 4   Comparison of 
neuropathy outcomes between 
CIPN participants (NCI-
CTCAE ≥ 1, n = 93) with ESC 
and no ESC dysfunction

p < 0.0063 was considered significant due to Bonferroni correction
*Indicates p values using independent sample t tests

Assessment tools ESC dysfunction (n = 46) No ESC dysfunction 
(n = 47)

P value

Median IQR (25–75th 
percentile)

Median IQR (25–75th 
percentile)

CIPN outcome measures
 EORTC-QLQ-CIPN20 16.2 8.8–27.1 14.0 5.3–17.5 0.07
 NCI-CTCAE 2 1.75–2 2 1–2 0.02
 TNSc 5 3–7 4 3–6 0.16

Clinical characteristics
 Age (years) 62.2 57.0–67.7 60.3 50.8–69.3 0.45
 BMI (kg/m2) 26.9 22.8–30.7 27.2 24.3–30.6 0.45

Neurophysiological measurements
 Tibial amplitudes (mV), mean (SD)* 8.7 3.9 10.6 4.4 0.06
 Sural amplitudes (µV) 7.3 3.4–11.1 8 5.5–13.3 0.10

Pain measures
 PNRS 0 0–3 0 0–0 0.12
 Autonomic outcome measures
 Symptom score 2 0.5–4.5 2 1.5–3.0 0.79
 Total impact score 5 0.5–8.5 4 2.0–7.5 0.86
 Orthostatic dysfunction 0 0–1 0 0–1 0.43
 Sudomotor dysfunction 1 0–1 0 0–1 0.23
 Vasomotor dysfunction 1 0–1 1 0–1 0.90
 Gastrointestinal dysfunction 0 0–1 0 0–1 0.95
 Urinary dysfunction 0 0–0 0 0–0 0.23
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Despite this lack of consensus, reduced ESC values have 
been found across a range of peripheral neuropathies, par-
ticularly in diabetic neuropathy [38]. Similarly, multiple 
studies have identified reduced ESC in hands and feet in 
chemotherapy-treated patients [15, 21, 22]. In agreement 
with these studies, we found evidence of reduced ESC values 
in a large proportion of our CIPN cohort; however, reduced 
ESC values were not associated with any CIPN outcome 
measures. Furthermore, ESC values were not predictive of 
CIPN severity or autonomic function using linear regression 
analyses. Accordingly, our findings do not provide support 
for the utility of ESC measurement as a diagnostic tool in 
patients with established CIPN. In contrast, Saad et al. [15] 
examined longitudinal change in ESC values during neuro-
toxic chemotherapy treatment, but did not examine the long-
term effect of chronic CIPN on ESC values, as in the present 
study. Two smaller studies have demonstrated a link between 
CIPN severity and ESC values in 18 bortezomib-treated 

patients [22] and pain severity and reduced hands and feet 
ESC values in 36 oxaliplatin-treated patients [21]. In con-
trast, the current study showed no association of pain symp-
toms with reduced or increased hands or feet ESC values. 
Accordingly, the findings of these previous studies do not 
align with the results identified in the current study.

The inability for ESC values to accurately predict clini-
cally-graded and patient-reported CIPN severity and auto-
nomic function may relate to a lack of specificity in the ESC 
measurement. Initially, ESC values were used as an assess-
ment of sweat function [23–27]. Gradually, it transitioned 
into a measure of sudomotor function [23–27], and finally 
into a measure of autonomic and small nerve fibre func-
tion in patients with underlying medical conditions, such 
as diabetes [38] and cystic fibrosis [23–27]. However, there 
remains a lack of evidence for a direct link between ESC and 
small nerve fibre function, as well as discrepancies with nor-
mative datasets, which greatly limit its clinical utility [18].

Table 5   Linear regression 
analyses of Sudoscan 
ESC values and clinical 
characteristics to predict CIPN 
severity, neurophysiological 
outcomes or sudomotor 
dysfunction

p < 0.05 indicates statistical significance (in bold)

Dependent variable Independent variables Parameter estimate [95% 
confidence interval]

P value

CIPN outcome measures
EORTC-QLQ-CIPN20 Age 0.24 [0.09, 0.40] 0.002

Sex 0.04 [− 4.6, 3.9] 0.99
BMI − 0.02 [− 0.4, 0.4] 0.93
Hand ESC − 0.13 [− 0.31, 0.04] 0.12
Feet ESC − 0.02 [− 0.21, 0.17] 0.82

TNSc Age 0.11 [0.08, 0.13] 0.001
Sex − 0.73 [− 1.6, 0.11] 0.10
BMI − 0.009 [− 0.09, 0.08] 0.79
Hand ESC − 0.02 [− 0.06, 0.02] 0.39
Feet ESC − 0.009 [− 0.05, 0.02] 0.61

Neurophysiological measurements
Sural amplitudes Age − 0.26 [− 0.41, − 0.12] 0.001

Sex 6.2 [3.06, 9.47] 0.001
BMI − 0.04 [− 0.38, 0.27] 0.83
Hand ESC − 0.16 [− 0.38, 0.07] 0.12
Feet ESC 0.14 [− 0.01, 0.27] 0.07

Tibial amplitudes Age − 0.14 [− 0.20, − 0.08] 0.001
Sex 1.48 [− 0.23, 3.26] 0.10
BMI − 0.18 [− 0.33, 0.0002] 0.03
Hand ESC 0.07 [− 0.01, 0.16] 0.10
Feet ESC − 0.04 [− 0.12, 0.03] 0.28

Autonomic outcome measure
SAS–sudomotor dysfunction Age − 0.005 [− 0.02, 0.006] 0.37

Sex 0.34 [− 0.10, 0.70] 0.07
BMI − 0.003 [− 0.03, 0.02] 0.84
Hand ESC 0.001 [− 0.02, 0.02] 0.92
Feet ESC − 0.01 [− 0.03, 0.008] 0.33
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Overall, this study used a range of methods to measure 
CIPN severity, including patient-reported, clinically-graded, 
objectively measured, and neurophysiological measures. 
However, we did not have access to more objective quanti-
fication of autonomic or small nerve fibre neuropathy, such 
as skin biopsies, QSART [13] or autonomic reflex screen, 
and assessed autonomic neuropathy via a subjective patient-
reported questionnaire. In our study, neither the autonomic 
outcome measure total score nor sub-scale scores were 
associated with ESC values. However, the SAS is a subjec-
tive tool for quantifying autonomic dysfunction and may be 
limited in this context due to the overlap between symptoms 
of CIPN and other effects of cancer and its treatment. Fur-
thermore, the cross-sectional study design did not allow for 
examination of changes in ESC values and CIPN severity 
over time, including accounting for pre-treatment values. 
Additionally, our sample included a range of different cancer 
and treatment types which makes it challenging to determine 
if there were specific patterns of ESC changes in particular 
patient cohorts.

Conclusion

ESC values measured by Sudoscan were not associated 
with CIPN severity using multiple outcome measures, and 
were not associated with patient-reported nor autonomic 
neuropathy measures. The discrepancies in the findings 
of prior studies and the inability of ESC values to predict 
clinically-graded and patient-reported CIPN or autonomic 
dysfunction may limit its utility in the clinic for assessing 
chemotherapy-treated patients. The results of our study 
highlight the need for a better measure of small nerve fibre 
and autonomic neuropathy with greater sensitivity in the 
context of CIPN. Understanding the CIPN phenotype may 
inform appropriate treatment strategies to reduce neuropa-
thy burden and promote a better quality of life for affected 
patients.

Acknowledgements  The authors thank the participants for provid-
ing their time for this study and all INFOCUS study collaborators for 
assisting with data collection. The authors also acknowledge the techni-
cal assistance of Jim Matthews of the Sydney Informatics Hub, a Core 
Research Facility of the University of Sydney.

Author contributions  FMM, SB, TL, HCT, DG, and DM contributed 
to study conception and design. All authors contributed to data acqui-
sition, analysis, or interpretation of data. The first draft of the manu-
script was written by FMM, and all authors contributed to revising the 
work critically for important intellectual content. All authors gave final 
approval of the version to be published.

Funding  Open Access funding enabled and organized by CAUL and 
its Member Institutions. This study was supported by a Cancer Insti-
tute NSW Program Grant (14/TPG/1-05) and a National Health and 
Medical Research Council of Australia (NHMRC) Project Grant [no. 

1080521]. SBP is supported by a NHMRC Career Development Fel-
lowship [no. 1148595].

Data availability  The datasets generated during and analysed during 
the current study are available from the corresponding author on rea-
sonable request.

Declarations 

Conflict of interest  The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical approval  The study was approved by Sydney Local Health Dis-
trict (RPAH zone) Human Research Ethics Committee.

Consent to participate  Written informed consent was obtained from 
all individual participants included in the study.

Consent to publish  The authors affirm that human research participants 
provided informed consent for publication of results in the manuscript.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Park SB, Goldstein D, Krishnan AV, Lin CS, Friedlander ML, 
Cassidy J, Koltzenburg M, Kiernan MC (2013) Chemotherapy-
induced peripheral neurotoxicity: a critical analysis. CA Cancer J 
Clin 63(6):419–437

	 2.	 Kerckhove N, Collin A, Conde S, Chaleteix C, Pezet D, Balayssac 
D (2017) Long-term effects, pathophysiological mechanisms, and 
risk factors of chemotherapy-induced peripheral neuropathies: a 
comprehensive literature review. Front Pharm 8:86

	 3.	 Hung HW, Liu CY, Chen HF, Chang CC, Chen SC (2021) Impact 
of chemotherapy-induced peripheral neuropathy on quality of life 
in patients with advanced lung cancer receiving platinum-based 
chemotherapy. Int J Environ Res Public Health 18(11):5677

	 4.	 Burgess J, Ferdousi M, Gosal D, Boon C, Matsumoto K, Mar-
shall A, Mak T, Marshall A, Frank B, Malik RA, Alam U (2021) 
Chemotherapy-induced peripheral neuropathy: epidemiology 
pathomechanisms and treatment. Oncol Ther 9(2):385–450

	 5.	 Themistocleous AC, Ramirez JD, Serra J, Bennett DL (2014) The 
clinical approach to small fibre neuropathy and painful channelo-
pathy. Pract Neurol 14(6):368–379

	 6.	 Hovaguimian A, Gibbons CH (2011) Diagnosis and treatment 
of pain in small-fiber neuropathy. Curr Pain Headache Rep 
15(3):193–200

	 7.	 Seretny M, Currie GL, Sena ES, Ramnarine S, Grant R, MacLeod 
MR, Colvin LA, Fallon M (2014) Incidence, prevalence, and 

http://creativecommons.org/licenses/by/4.0/


506	 Clinical Autonomic Research (2022) 32:497–506

1 3

predictors of chemotherapy-induced peripheral neuropathy: a 
systematic review and meta-analysis. Pain 155(12):2461–2470

	 8.	 Adams SC, Schondorf R, Benoit J, Kilgour RD (2015) Impact of 
cancer and chemotherapy on autonomic nervous system function 
and cardiovascular reactivity in young adults with cancer: a case-
controlled feasibility study. BMC Cancer 15:414

	 9.	 Argyriou AA, Park SB, Islam B, Tamburin S, Velasco R, Alberti 
P, Bruna J, Psimaras D, Cavaletti G, Cornblath DR, Toxic Neu-
ropathy C (2019) Neurophysiological, nerve imaging and other 
techniques to assess chemotherapy-induced peripheral neuro-
toxicity in the clinical and research settings. J Neurol Neurosurg 
Psychiatry 90(12):1361–1369

	10.	 Cavaletti G, Marmiroli P (2010) Chemotherapy-induced periph-
eral neurotoxicity. Nat Rev Neurol 6(12):657–666

	11.	 Li T, Park SB, Battaglini E, King MT, Kiernan MC, Goldstein D, 
Rutherford C (2022) Assessing chemotherapy-induced peripheral 
neuropathy with patient reported outcome measures: a systematic 
review of measurement properties and considerations for future 
use. Qual Life Res. https://​doi.​org/​10.​1007/​s11136-​022-​03154-7

	12.	 Timmins HC, Li T, Kiernan MC, Horvath LG, Goldstein D, Park 
SB (2020) Quantification of small fiber neuropathy in chemother-
apy-treated patients. J Pain 21(1–2):44–58

	13.	 Smith AG, Howard JR, Kroll R, Ramachandran P, Hauer P, Sin-
gleton JR, McArthur J (2005) The reliability of skin biopsy with 
measurement of intraepidermal nerve fiber density. J Neurol Sci 
228(1):65–69

	14.	 Ang L, Jaiswal M, Callaghan B, Raffel D, Brown MB, Pop-Busui 
R (2017) Sudomotor dysfunction as a measure of small fiber neu-
ropathy in type 1 diabetes. Auton Neurosci 205:87–92

	15.	 Saad M, Psimaras D, Tafani C, Sallansonnet-Froment M, Calvet 
JH, Vilier A, Tigaud JM, Bompaire F, Lebouteux M, de Greslan 
T, Ceccaldi B, Poirier JM, Ferrand FR, Le Moulec S, Huillard 
O, Goldwasser F, Taillia H, Maisonobe T, Ricard D (2016) 
Quick, non-invasive and quantitative assessment of small fiber 
neuropathy in patients receiving chemotherapy. J Neurooncol 
127(2):373–380

	16.	 Selvarajah D, Cash T, Davies J, Sankar A, Rao G, Grieg M, Pal-
lai S, Gandhi R, Wilkinson ID, Tesfaye S (2015) SUDOSCAN: a 
simple, rapid, and objective method with potential for screening 
for diabetic peripheral neuropathy. PLoS One 10(10):e0138224

	17.	 Leclair-Visonneau L, Bosquet T, Magot A, Fayet G, Gras-Le Guen 
C, Hamel A, Péréon Y (2016) Electrochemical skin conductance 
for quantitative assessment of sweat function: normative values 
in children. Clin Neurophysiol Pract 1:43–45

	18.	 Rajan S, Campagnolo M, Callaghan B, Gibbons CH (2019) 
Sudomotor function testing by electrochemical skin conduct-
ance: does it really measure sudomotor function? Clin Auton Res 
29(1):31–39

	19.	 Novak P (2016) Electrochemical skin conductance correlates with 
skin nerve fiber density. Front Aging Neurosci 8:199

	20.	 Duchesne M, Richard L, Vallat JM, Magy L (2018) Assessing 
sudomotor impairment in patients with peripheral neuropathy: 
comparison between electrochemical skin conductance and skin 
biopsy. Clin Neurophysiol 129(7):1341–1348

	21.	 Delmotte JB, Tutakhail A, Abdallah K, Reach P, D’Ussel M, 
Deplanque G, Beaussier H, Coudore F (2018) Electrochemi-
cal skin conductance as a marker of painful oxaliplatin-induced 
peripheral neuropathy. Neurol Res Int 2018:1254602

	22.	 Allegra A, Rizzo V, Innao V, Alibrandi A, Mazzeo A, Leanza 
R, Terranova C, Gentile L, Girlanda P, Allegra AG, Alonci A, 
Musolino C (2022) Diagnostic utility of sudoscan for detecting 
bortezomib-induced painful neuropathy: a study on 18 patients 
with multiple myeloma. Arch Med Sci 18(3):696–703

	23.	 Casellini CM, Parson HK, Richardson MS, Nevoret ML, Vinik AI 
(2013) Sudoscan, a noninvasive tool for detecting diabetic small 

fiber neuropathy and autonomic dysfunction. Diabetes Technol 
Ther 15(11):948–953

	24.	 Mayaudon H, Miloche PO, Bauduceau B (2010) A new simple 
method for assessing sudomotor function: relevance in type 2 dia-
betes. Diabetes Metab 36(6 Pt 1):450–454

	25.	 Gin H, Baudoin R, Raffaitin CH, Rigalleau V, Gonzalez C (2011) 
Non-invasive and quantitative assessment of sudomotor function 
for peripheral diabetic neuropathy evaluation. Diabetes Metab 
37(6):527–532

	26.	 Hubert D, Brunswick P, Calvet JH, Dusser D, Fajac I (2011) 
Abnormal electrochemical skin conductance in cystic fibrosis. J 
Cyst Fibros 10(1):15–20

	27.	 Ayoub H, Griveau S, Lair V, Brunswick P, Cassir M, Bedioui F 
(2010) Electrochemical characterization of nickel electrodes in 
phosphate and carbonate electrolytes in view of assessing a medi-
cal diagnostic device for the detection of early diabetes. Wiley 
Online Library 22(21):2483–2490

	28.	 Cornblath DR, Chaudhry V, Carter K, Lee D, Seysedadr M, Mier-
nicki M, Joh T (1999) Total neuropathy score: validation and reli-
ability study. Neurology 53(8):1660–1664

	29.	 Cavaletti G, Jann S, Pace A, Plasmati R, Siciliano G, Briani C, 
Cocito D, Padua L, Ghiglione E, Manicone M, Giussani G, Italian 
NG (2006) Multi-center assessment of the total neuropathy score 
for chemotherapy-induced peripheral neurotoxicity. J Peripher 
Nerv Syst 11(2):135–141

	30.	 Common Terminology Criteria for Adverse Events (CTCAE) 
Version 4.0 2010 Available from: https://​evs.​nci.​nih.​gov/​ftp1/​
CTCAE/​CTCAE_4.​03/​CTCAE_4.​03_​2010-​06-​14_​Quick​Refer​
ence_8.​5x11.​pdf

	31.	 Timmins HC, Li T, Huynh W, Kiernan MC, Baron-Hay S, Boyle 
F, Goldstein D, Park SB (2020) Electrophysiological and pheno-
typic profiles of taxane-induced neuropathy. Clin Neurophysiol 
131(8):1979–1985

	32.	 Postma TJ, Aaronson NK, Heimans JJ, Muller MJ, Hildebrand JG, 
Delattre JY, Hoang-Xuan K, Lanteri-Minet M, Grant R, Huddart 
R, Moynihan C, Maher J, Lucey R, E.Q.o.L. Group (2005) The 
development of an EORTC quality of life questionnaire to assess 
chemotherapy-induced peripheral neuropathy: the QLQ-CIPN20. 
Eur J Cancer 41(8):1135–9

	33.	 Zilliox L, Peltier AC, Wren PA, Anderson A, Smith AG, Singleton 
JR, Feldman EL, Alexander NB, Russell JW (2011) Assessing 
autonomic dysfunction in early diabetic neuropathy: the survey 
of autonomic symptoms. Neurology 76(12):1099–1105

	34.	 Haefeli M, Elfering A (2006) Pain assessment. European Spine 
Journal: Official publication of the European Spine Society, the 
European Spinal Deformity Society, and the European Section of 
the Cervical Spine Research Society 15(Suppl 1):S17–S24

	35.	 von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Van-
denbroucke JP (2014) The strengthening the reporting of obser-
vational studies in epidemiology (STROBE) statement: guidelines 
for reporting observational studies. Int J Surg 12(12):1495–1499

	36.	 Krøigård T, Svendsen TK, Wirenfeldt M, Schrøder HD, Qvortrup 
C, Pfeiffer P, Gaist D, Sindrup SH (2020) Early changes in tests 
of peripheral nerve function during oxaliplatin treatment and their 
correlation with chemotherapy-induced polyneuropathy symp-
toms and signs. Eur J Neurol 27(1):68–76

	37.	 Buchmann SJ, Penzlin AI, Kubasch ML, Illigens BM, Siepmann 
T (2019) Assessment of sudomotor function. Clin Auton Res 
29(1):41–53

	38.	 Krieger SM, Reimann M, Haase R, Henkel E, Hanefeld M, 
Ziemssen T (2018) Sudomotor testing of diabetes polyneuropathy. 
Front Neurol 9:803

https://doi.org/10.1007/s11136-022-03154-7
https://evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03/CTCAE_4.03_2010-06-14_QuickReference_8.5x11.pdf
https://evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03/CTCAE_4.03_2010-06-14_QuickReference_8.5x11.pdf
https://evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03/CTCAE_4.03_2010-06-14_QuickReference_8.5x11.pdf

	Association of electrochemical skin conductance with neuropathy in chemotherapy-treated patients
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Participants
	Procedures
	Electrochemical skin conductance measurement
	Clinical neuropathy assessment
	Patient-reported outcome measures
	Statistical analyses

	Results
	Demographics and clinical history
	Chemotherapy-induced peripheral neuropathy profile
	ESC dysfunction and CIPN severity in cancer survivors exposed to neurotoxic chemotherapy
	Predictive models of CIPN severity

	Discussion
	Conclusion
	Acknowledgements 
	References




