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Abstract

Objective Electrochemical skin conductance (ESC) is a non-invasive test of sweat function developed as a potential marker
of small fiber neuropathy. Here we systematically review the evolution of this device and the data obtained from studies of
ESC across different diseases.

Methods Electronic databases, including MEDLINE, and Google Scholar were searched through to February 2018. The
search strategy included the following terms: “electrochemical skin conductance,” “EZSCAN,” and “Sudoscan.” The data
values provided by each paper were extracted, where available, and input into tabular and figure data for direct comparison.
Results Thirty-seven studies were included this systematic review. ESC did not change by age or gender, and there was sig-
nificant variability in ESC values between diseases, some of which exceeded control values. Longitudinal studies of disease
demonstrated changes in ESC that were not biologically plausible. Of the 37 studies assessed, 25 received support from the
device manufacturer. The extracted data did not agree with other published normative values. Prior studies do not support
claims that ESC is a measure of small fiber sensory function or autonomic function.

Conclusions Although many papers report significant differences in ESC values between disease and control subjects, the
compiled data assessed in this review raises questions about the technique. Many of the published results violate biologic
plausibility. A single funding source with a vested interest in the study outcomes has supported most of the studies. Norma-
tive values are inconsistent across publications, and large combined data sets do not support a high sensitivity and specificity.
Finally, there is insufficient evidence supporting the claim that Sudoscan tests sudomotor or sensory nerve fiber function.
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Introduction

The goal of a sensitive, specific, rapid, reproducible, non-
invasive test for the evaluation of small fiber neuropathy
is not quite the search for the Holy Grail, but has certainly
dashed the hopes of many inventors against the rocks of
reality. However, significant inroads into the study of small
fiber structure have been made through the use of skin biop-
sies for evaluation of intra-epidermal and autonomic nerve
fibers. Despite these advances, skin biopsies remain inva-
sive, expensive, and slow because of the need for complex
immunostaining.
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More recently, confocal corneal microscopy has been
developed as a surrogate marker of neuropathy in patients
with disease. Despite the initial enthusiasm for this non-
invasive approach to study unmyelinated nerve fibers, addi-
tional investigation has suggested that the receiver operator
characteristic curves peak at about 0.80, despite significant
differences between study populations and controls [1].
Therefore, there is only a modest correlation with disease
in any particular patient, and this correlation is of limited
utility in clinical practice [2, 3].

The most recent tools to investigate peripheral autonomic
function is based on the use of electrochemical skin con-
ductance (ESC) [4-8]. In theory, ESC electrically stimulates
sudomotor nerve fibers that in turn activate sweat glands;
this activation can be used as a method to study periph-
eral sudomotor nerve function. ESC uses an incremental
low direct voltage current (a stepwise increase from 1.2 to
3.8 V) that is applied to the palms of the hands and soles
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of the feet for 15 s. The anode and cathode are placed on
the feet or hands (left/right) for one stepwise test, and then
switched and the test repeated. The electrical stimulation
creates a flow of chloride ions, which then alters the flow of
the electrical current through the stratum corneum. The ESC
result is expressed in microsiemens (uS) [4, 5, 7, 9]. Many
studies have reported that Sudoscan (Impeto Medical, Paris,
France), a medical device that measures ESC, is effective at
detecting disease-related abnormalities across a number of
disease states [10-18].

A recent publication on this topic provides a systematic
review of ESC [7]. The purpose of the present study, and
how it differs from the previously published systematic
review, is by: (1) reviewing the preliminary data supporting
the use of this device, (2) providing a systematic interpreta-
tion of the published data and comparing the results to the
published claims, and (3) defining the plausibility of the
results as they relate to biological mechanisms.

Methods

Electronic databases, including MEDLINE, and Google
Scholar were searched through to 1 February 2018. The
search strategy included the following terms: “electrochemi-
cal skin conductance,” “EZSCAN,” and” “Sudoscan”. All
identified articles were included for review. Review articles,
meta-analyses, and non-original data were included in the
review but not included in primary data extraction. All ref-
erences from identified articles were screened for possible
inclusion in the review if they did not appear in the primary
search. All data were extracted from published work by two
independent researchers (SR, MC). Extracted data (where
available) included study period, methods, disease state, sub-
ject characteristics, comorbid illness, risk factors, medica-
tion use, neurological examinations, neurophysiologic test-
ing, laboratory studies, and sources of funding. The data
values provided by each paper for each disease state were
extracted, where available, and input into tabular and figure
data for direct comparison between studies. Raw data are
presented as the mean and standard deviation, with control
data also expressed by age. Disease data are represented in
total and by disease state (studies that included more than
one disease state have data reported separately for each
disease). Specifically, no modification, normalization, or
exclusion of outliers was performed in this review to aid in
understanding the biological underpinning of the test result.

All publications were scrutinized for veracity of pre-exist-
ing reference data by two independent researchers. Claims
of prior (referenced) studies were reviewed to determine if:
(1) such data existed in the original study, (2) the results
supported the claim of the referring study, and (3) if suf-
ficient detail was provided in the study methods and results
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to interpret the data. If the two researchers did not agree, a
third investigator was used to arbitrate a final decision.

Data analytic techniques for each paper were reviewed
to determine if the appropriate analyses were performed to
support the claims made in the discussion.

Results

A total of 37 studies were included in this data review
[4-6, 10-17, 19-44]. Several additional articles of inter-
est did not meet inclusion criteria for original research but
were included in "Discussion" section of the paper because
of their relevance to the topic. Original research studies
spanned a number of disease states (including type 1 dia-
betes [TIDM], type 2 diabetes [T2DM], pre-diabetes or
metabolic syndrome, rheumatoid arthritis, ankylosing spon-
dylitis, small fiber neuropathy, distal symmetric polyneu-
ropathy, Fabry’s disease, amyloidosis, cystic fibrosis [CF],
and chronic kidney disease). Many studies included either
lean or obese control subjects for comparison.

Reproducibility

In healthy control subjects and disease states (CF and diabe-
tes) the coefficient of variations between left and right sides
calculated on 1365 subjects was 3% for the hands and 2%
for the feet. There was no observed gender effect. Repro-
ducibility was 7% in the hands and 5% in the feet in healthy
subjects on same-day testing [8]. The coefficient of variation
in patients with cardiovascular risk was 15% in the hands
and 7% in the feet. The coefficient of variation in subjects
with diabetes was 32% (hands/feet not specified) [8], but
neither detailed subject information nor study results were
available in any form; thus information from this study was
not included in our final analysis.

Review of funding sources

Of the 37 reviewed studies, 25 were funded in part by Impeto
Medical, had data analyzed by Impeto Medical, had control
data provided by Impeto Medical, or were authored by an
Impeto Medical employee. Of the remaining studies, several
did not report funding sources.

Overall data review

The raw data for each individual study and for patients
and controls are is reported in Fig. 1 for both the hands
and the feet. The 95% cutoff values for the population
were provided based on the control samples (Fig. la,
solid gray lines) and are included in the study of disease
states (Fig. 1b, solid gray lines) as comparison. As noted
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Fig. 1 Electrochemical skin conductance (ESC) values in the hands
and feet for control and disease populations. Data are presented as the
mean+ standard deviation (SD) for all published studies. a, ¢ ESC
values of control subjects in the hands (a) and feet (c) by age. b, d
ESC values across disease states in the hands (b) and feet (d) by age

in Fig. 1b and d, the vast majority of the patient popula-
tions fall within the normative range for the population.
The data is compared to another recently published nor-
mative database, these results are also included in Fig. 1
as separate 5-95% confidence intervals (Fig. 1, dashed
black lines) [9].

Impact of age and gender

As seen in Fig. 1a, c, there is no significant effect of age on
ESC values in the hands or the feet in our data review. A
modest age-related decline was noted in one prior analysis
of several studies [9]. No significant difference in ESC
values between genders was detected in our study, which
is in agreement with the lack of gender difference detected
in a prior analysis of several studies [9].

for all published studies. Solid gray lines indicate 5-95% confidence
intervals for the control population calculated from subjects included
in this study. Dashed black lines indicate the 5-95% confidence inter-
vals from a prior publication [9]

Impact of race

As noted in Fig. 2, individuals of African-American heritage
have a significantly lower ESC results in both the hands and
the feet compared to their European American counterparts
[17, 32]. African—American controls have the same ESC
results in both the hands and the feet as the European—Amer-
icans with diabetic kidney disease [17, 32]. The effect of
race on ESC has been described in a recent review article of
sudoscan data [9]. There are also significantly different val-
ues obtained in individuals of Asian heritage, with Chinese
subjects the most heavily studied [6, 9, 11, 34].

Impact of disease state

As noted in Fig. 3, the ESC was not reduced in subjects with
longstanding T1DM, but it was reduced in obese control
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Fig.2 Racial differences in ESC. a, b ESC values in the hands (a)
and feet (b) of individuals of European heritage (gray plots) and Afri-
can heritage (black plots). Circles are control subjects, and square
values plots are individuals with diabetes

subjects, subjects with pre-diabetes, and those with T2DM.
ESC values of individuals with rheumatoid arthritis and
ankylosing spondylitis were similar to subjects with T2DM
(ESC~60 puS) [13, 22, 30]. In contrast, ESC values were
increased in individuals with CF [27].

A substantially larger number of disease study subjects
had ‘abnormal’ values using the previously published nor-
mative database [9] compared to the normative values cal-
culated in the present study.

Impact of disease-modifying therapy
In one study of obese subjects who underwent bari-
atric surgery, there was a significant improvement in

ESC scores in individuals with T2DM (ESC in the feet
improved from ~ 57 to ~ 70 over 24 weeks), but not in obese
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non-diabetic or obese pre-diabetic individuals who under-
went bariatric surgery [16]. The only difference between
these three groups that underwent bariatric surgery was
the change in glycated hemoglobin (HbAIc), which was
the highest in those with diabetes. The ESC values in the
subjects with T2DM at 24 weeks exceeded the ESC val-
ues of the non-diabetic and pre-diabetic cohorts [16]. In
another series of studies that included patients with rheu-
matoid arthritis and ankylosing spondylitis, the authors
concluded that the subjects had achieved an improvement
in ‘sudomotor’ neuropathy after 5 and 12 weeks of treat-
ment with disease-modifying therapy based on increases
in ESC scores [30].

Review of references and pre-existing data claims

All studies were reviewed and the references evaluated to
determine the accuracy of pre-existing data claims. In all
cases, the two reviewers agreed with the result; therefore, a
third reviewer was not required for arbitration. The major-
ity of the published studies (84%; 31 of the 37 reviewed
studies) refer to prior publications that do not support their
claims, specifically the claims that ESC is a measure of
small nerve fiber function. One study described ESC as
an effective method to detect abnormalities in individu-
als with hyperglycemia that was due to either diabetes or
impaired glucose tolerance [45]. The authors of this study
hypothesized that higher than expected ESC readings
could be due to “sweat gland nerves going through a phase
of hypersensitivity during the IGT phase before entering
the hypo sensitivity phase in DM” [45]. This hypothesis
was never tested. One study published during the same
time frame investigated the use of ESC for the evalua-
tion of sudomotor function [28]. The authors of this study
concluded that sweat gland dysfunction could be measured
and further hypothesized that because this dysfunction
was controlled by the sympathetic nervous system, ESC
could be a measure of the sympathetic nervous system
[28]. This hypothesis was also never tested. The authors of
another publication compared ESC to vibration perception
threshold in individuals with diabetes and concluded that
a modest correlation was sufficient to state “Assessment of
sudomotor function using Sudoscan™ may be considered
as part of the screening test for DPN, and may also help to
identify patients with small-fibre neuropathy indicative of
potentially greater levels of foot risk” [29]. No testing of
small fiber function was performed during that study [29].
All follow-up publications reference these papers (and the
follow-up papers that appear), as proof that ESC measures
small fiber autonomic or sensory function. No publications
testing these theories were ever identified in our extensive
review of the literature.
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Discussion

We systematically reviewed the literature on electrochemical
skin conductance for evaluation of sudomotor function. A
total of 37 papers with thousands of control and disease sub-
jects were incorporated into the summary results, with addi-
tional papers providing background or review data included
as well. Our findings suggest a lack of biologic plausibility,
a high risk of bias in most studies from extensive involve-
ment of the device manufacturer, normative data that are not
reflected by the identified literature, and a lack of testing of
hypotheses for claims made in articles that are subsequently
referenced by other authors [46].

Biologic plausibility of data

We know based on extensive pathologic investigation of
the structure and innervation of glandular tissue that there
is an age-related decline in both sudomotor nerve density
and sudomotor function [47]. Large population-based stud-
ies show a significant increase in neuropathy prevalence
with age [48, 49]. Detailed neuropathologic examinations
carried out in the framework of multicenter studies reveal
evidence of an age-related decline in intra-epidermal nerve
fiber density [50]. Furthermore, there is also a gender-related
difference in intra-epidermal fiber density [50]. It is also
well established that sudomotor function declines with age
while men have a significantly greater sweat output than
women [51]. However, there is minimal to no age or gender
effect on sudoscan ESC results [9]. There is a demonstrable

T T T 1

Obese Control Pre-DM T2DM

effect of age on quantified neurological examinations, neu-
ropathologic findings and neurophysiologic testing [48, 50,
52]. Similarly, gender effects have been detected both neu-
ropathologically and neurophysiologically, specifically in
sweat production and sudomotor function [48, 50-52]. The
lack of findings on an age or gender effect on ESC has not
been adequately explained.

A study of treatment of rheumatoid arthritis and ankylos-
ing spondylitis found improved ESC values over 6 weeks
during treatment [30]. However, prior studies of nerve
regeneration raise questions about the likelihood of nerve
recovery over as short a period as 6 weeks. Thus, despite the
improvements in ESC noted by the authors over 6—12 weeks
in these individuals with rheumatoid arthritis or ankylos-
ing spondylitis [30], this time frame would appear to be too
short for distal neural repair in humans based on studies of
human pathophysiology. To date, no other neurophysiologic
or neuropathologic testing has confirmed the improvements
detected in ESC.

The majority of published studies report that ESC is a
technological advance that measures sweat function through
the quantitation of chronoamperometry [4—6, 1017, 19-44].
The resulting data are correlated to other physiologic param-
eters, including nerve function, kidney function, metabolic
function, disease state, and/or cardiovascular risk [4-6,
10-17, 19-44]. Despite the significance of the correlations
(which are often in the modest range of correlation coef-
ficients, namely, 0.4-0.7), the results are then suggested to
serve as a valid marker of disease or even as a screening
tool for disease.
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An initial clinical study in CF reported increased ESC in
those subjects with CF compared to control subjects [27].
Although the ‘delta’ ESC was much lower in the feet of CF
subjects compared to controls, there was a greater overlap in
the ‘delta’ ESC in the hands of CF subjects and control sub-
jects. The difference in ESC values between subjects with
CF and healthy control subjects does raise the question of
whether ESC is actually a surrogate marker of sensory or
autonomic nerve function [27].

Several additional violations of biological plausibil-
ity occur in published ESC studies involving patients
with diabetes. First, studies in bariatric surgery suggest
that individuals with T2DM can regain nerve fiber func-
tion that exceeds the control group 24 weeks post-surgery
[16]. However, extensive studies of nerve fiber structure and
function in individuals with T2DM do not support a theory
of complete nerve fiber recovery post-gastric bypass [53],
although it has been noted in pilot studies that symptoms of
neuropathy can improve [54, 55]. Also, the possibility that
nerve fiber function in individuals with chronic T2DM will
exceed that of the control group within 24 weeks violates
biologic plausibility [16]. Second, the ESC values in indi-
viduals with chronic T1DM also appear to exceed those of
control subjects despite other noted abnormalities in test-
ing [4, 10] and a substantial body of data supporting the
association with diabetes duration and neuropathy progres-
sion [56, 57]. Third, the use of insulin by T2DM patients
[25] has been reported to improve ESC values over a 1-year
period of time compared to those not using insulin, despite
the insulin-treated group having higher HbAlc values [25].
To date, there has been limited evidence of peripheral nerve
re-innervation in individuals with T2DM treated with insu-
lin, or any other agent, over long periods of time [58, 59].
Furthermore, those same individuals with diabetes that
had an improvement in ESC had significantly more severe
diabetic retinopathy and nephropathy, but simultaneously
had normal ESC values at baseline and follow-up [25]. No
adequate explanation for this discrepancy was provided by
the authors of the study.

Counter-intuitively, studies of renal disease also con-
cluded that ESC was associated with estimated glomerular
filtration rate, and would decline as renal function worsened
[5, 6, 17, 32]. It is difficult to comprehend how a single test
of sweat function can simultaneously reveal renal disease
and neuropathy, and it would raise the question of whether
an abnormal result implied renal disease, neuropathy or
both.

The role of the device manufacturer in study
outcomes

The vast majority of all published studies are linked in some
way to the manufacturer of the device. Many published
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studies include employees of the device manufacturer as
co-authors of the paper, the manufacturer has analyzed the
data, or the manufacturer provided the raw data for control
subjects in the publication. Although there is no inherent
problem with the involvement of a device manufacturer in
studies, many of the publications do not appropriately report
any conflicts of interest. Over 65% of the studies included
in our review were funded by Impeto Medical, published by
Impeto Medical employees, had data analyzed by Impeto
Medical, and/or were of low quality [5, 10, 11, 13, 16, 17,
19-25, 27-33, 36, 37, 40, 41, 44]. The extensive list of pub-
lications supported by Impeto Medial was generally used as
proof the test was measuring nerve fiber function. This risk
of systematic bias introduced by a single funding source
with a vested interest in the study outcomes is high.

Differences in normative values

The significant difference between the confidence values
established in this study and that in a prior publication [9]
are difficult to address. In our publication all studies with
data on healthy subjects were included in the analysis [4-6,
10-17, 19—44], while in the prior study only data from three
large studies [9, 28, 31, 44] were included. However, even
the mean values published from the prior studies [28, 31,
44] do not seem to provide the same result reported in the
combined study [9]. Nonetheless, a number of differences
in study inclusion and data analysis could explain these dif-
ferences. The ESC values reported across a large number of
control subjects have often reported normative value cut-
offs based on the specific control population studied. No
standardized threshold for abnormality has been universally
accepted, and it appears that the most commonly used meth-
ods may create false positive results in a large population
of patients [4-6, 10—17, 19-44]. The different ESC values
noted between individuals of European or African descent
does raise important questions about the need for adequate
clinical data in devices prior to clinical use. In this case,
control data from African-American individuals could be
falsely reported as abnormal in many healthy subjects who
undergo testing [17, 32]. False positive diagnostic tests cre-
ate unnecessary anxiety about disease, result in additional
diagnostic testing, and place patients at risk for unnecessary
procedures, exposure to harmful medications, and increased
healthcare expenditure [60].

Lack of adequate testing despite claims

Despite dozens of publications across a variety of journals
and specialties, there is no evidence offered that ESC is a
measure of sympathetic—or small nerve fiber—function.
The results of our systematic review indicate that most
publications report ESC to be a measure of small fiber or
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autonomic function using a standard set of references and
standard language that is offered by the device manufac-
turer. These theories on ESC are offered as evidence in many
follow-up publications, but are never verified by either the
scientific community or the study authors. Despite the scar-
city of published evidence, ongoing reports continue to state
that ESC is a sensitive and specific test of autonomic and
small nerve fiber function [7, 9, 14, 15, 24]. The gradual
transition of ESC initially as a test of sweat function [28],
then a test of sudomotor function [19, 29], and finally a test
of autonomic and small fiber function [4, 5, 18, 21-23, 25,
26, 31, 61] through a string of manufacturer-supported stud-
ies that did not actually investigate nerve function does raise
concerns about a manipulation of language to improve mar-
keting prospects. The gradual shift in published language
surrounding Sudoscan has enabled the device to be mar-
keted, and billed, as a test of sympathetic cholinergic func-
tion, without any evidence supporting this claim. Specific
marketing to consumers with this information does suggest
that the manufacturer was aware of, and supportive of, the
misdirection (http://www.sudoscan.com).

Limitations

There are a number of limitations to this systematic review.
It is a retrospective review of previously published data. The
results for some studies were not available in table or figure
format for extraction, and the results from other papers were
extracted from figures, which can result in a modest miscal-
culation of the mean and range of the data. In some of these
studies data were not reported by race at the time of publica-
tion, thereby preventing us from determining if race was a
factor. It has also been suggested that ‘functional variations’
could explain some of the data, such as the increase in glo-
merular filtration rate seen in individuals with newly diag-
nosed diabetes. We agree that functional perturbations in
certain types of tests can occur, although sudomotor testing
typically is reported as being decreased in individuals with
diabetic neuropathy [62]. There may have been variations
in the technical aspects of ESC testing that are not reported
in the literature, and not reported by the manufacturer, that
we cannot account for. The conclusions we have drawn and
reported in our paper do not agree with vast majority of
published studies about the use of ESC, although we do draw
similar conclusions to those reported in some of the most
recent publications [10, 36].

Despite these limitations, the inclusion of data from sev-
eral thousand healthy controls and disease participants in the
analysis of Sudoscan as a tool for diagnosis of sudomotor
dysfunction provides a powerful assessment of the level of
evidence that is currently available. At this time, despite
clinical and research use of ESC, there are four key prob-
lems systematically identified in the literature: (1) many of

the published results violate biologic plausibility because
of a failure to detect age-, gender-, and disease-appropri-
ate changes; (2) the exact method by which the Sudoscan
device calculates ESC values is not reported, thereby creat-
ing some ambiguity in interpreting the results; (3) there is a
high risk of systematic bias introduced by a single funding
source with a vested interest in the study outcomes; (4) there
is a failure of consistency in published normative values
along with substantial racial variation in ESC results; and
(5) there is no evidence supporting the claim that Sudoscan
tests sudomotor or sensory nerve fiber structure or function.
There is significant heterogeneity to testing results across
populations, and an inability to differentiate between disease
and control subjects. These findings raise serious questions
not only about the clinical use of this device but also about
the large number of studies, many supported by the device
manufacturer, that report positive results.

There are a number of methodological studies that could,
and should, be performed to understand exactly what is
being measured using the Sudoscan device. Detailed com-
parison to standard sudomotor testing, longitudinal follow-
up, and mechanistic studies of neural blockade would be of
great value, although ideally would have occurred prior to
the clinical use of the device. At this time, the existing gaps
in knowledge do not allow us to recommend the clinical use
of Sudoscan [46].
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