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Abstract

Background and Aims. The study investigated the diagnostic performance for diabetic
cardiovascular autonomic neuropathy (CAN) and polyneuropathy (DPN) of the combined use of
COMPASS 31, validated questionnaire for autonomic symptoms of CAN, and electrochemical skin
conductance (ESC), proposed for detecting DPN and CAN.

Methods. One-hundred and two participants with diabetes (age 57+14 years, duration 17+13 years)
completed the COMPASS 31 before assessing cardiovascular reflex tests (CARTS), neuropathic
symptoms, signs, vibratory perception threshold (VPT), thermal thresholds (TT), and ESC using
Sudoscan. Two patterns were evaluated: 1) the combined abnormalities in both tests (COMPASS
31+ESC), and 2) the abnormality in COMPASS 31 and/or ESC (COMPASS 31 and/or ESC).

Results. CAN (=1 abnormal CART) and confirmed CAN (=2 abnormal CARTS) were present in
28.1% and 12.5%, DPN (2 abnormalities among symptoms, signs, VPT and TT) in 52%, abnormal
COMPASS 31 (total weighted score >16.44) in 48% and abnormal ESC (hands ESC <50 uS and/or
feet ESC <70 pS) in 47.4%. Both the patterns - COMPASS 31+ESC and COMPASS 31 and/or ESC
- were associated with CAN and DPN (P<0.01). COMPASS 31 and ESC reached a sensitivity of
75% and 83% for confirmed CAN, and a specificity of 65% and 67% for DPN. When combining
uie tests, the sensitivity for CAN rose by up to 100% for CAN and the specificity up to 89% for
DPN.

Interpretation. The combination of the tests can allow a stepwise screening strategy for CAN, by
suggesting CAN absence with combined normality, and prompting to CARTSs with combined

abnormality.
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Introduction

Cardiovascular reflex tests (CARTS) are still the gold standard for the diagnosis of cardiovascular
autonomic neuropathy (CAN) (1, 2). However, universal screening and the diagnosis of CAN are
widely disregarded in clinical practice. This dichotomy between the ideal and actual reality
highlights the need for diagnostic procedures of sufficient reliability and accuracy that are at the
same time accessible and easy, and that might also at least allow for the selection of persons at
higher risk for CAN and then candidates to CARTS.

The assessment of autonomic symptoms is recommended in guidelines (2, 3), however, this
evaluation had been considered of poor diagnostic utility given their low specificity and the
unavailability of easy-to-use validated questionnaires. Composite Autonomic Symptom Score
(COMPASS) 31 was developed from COMPASS, which in turn had been derived from the
Autonomic Symptom Profile (ASP), by cutting the number of items from 169 to 31 questions (4-6).
The COMPASS 31 questionnaire has been translated into Italian and validated according to
standard procedures by Pierangeli et al (7). Using this Italian version, we validated COMPASS 31
for autonomic symptoms of diabetic neuropathy and found a fair diagnostic accuracy for both CAN
and diabetic polyneuropathy (DPN) with areas under the ROC curve of 0.75 and 0.74, respectively,
and values of sensitivity up to 75% for CAN and of specificity up to 79% for DPN (8). COMPASS
31 had the additional advantage of being easy to use, inexpensive and of clinical relevance for

patients.

Quantitative assessment of sudomotor function has been widely considered as a key component of
.2 diagnostic pathway of autonomic and small fibre neuropathies (1, 9, 10), and many testing
modalities are available. With most of them, however, being complex and highly demanding from a
technical and setting perspective, their use has thus been limited to specialized laboratories (11).
Among those of lower complexity, in recent years electrochemical skin conductance (ESC)
measurement using Sudoscan has been proposed as a reliable and easy-to-use device for sudomotor
function assessment mainly in diabetic neuropathies (12-14). There is however some uncertainty
about the actual meaning of ESC values: at one extreme ESC measurements and in particular an

algorithm derived risk score based on both ESC results and clinical parameters are proposed as a
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panacea index able to predict both diabetes itself and diabetic complications, while at the other
extreme the physiological justification of ESC as a measure of sudomotor function or just of sweat
glands is questioned (11, 15-16). The question of whether reduced ESC is the consequence of
sudomotor fibre loss, reduced numbers or volume of sweat glands or sweat gland dysfunction (11,
15) remains open. Moreover, when considering studies attempting to validate ESC measurement for
the diagnosis of diabetic neuropathy, while values of sensitivity from 20% to 97% and specificity
from 55% to 96% have been reported for DPN (13, 14, 17-24), data on diagnostic performance of
ESC for CAN are limited (14, 25, 26), and characterised by various diagnostic modalities for the
number of CARTSs used (from 2 to 4), an inconsistent use of age-related normative values for
CARTSs, and the substitution of feet or hands ESC measures for a scoring measure called CAN risk
score based on both ESC results and clinical parameters (25, 26) (Table 1).

The ease of COMPASS 31 and ESC might represent an opportunity to obtain a screening modality
for CAN and the identification of candidates for CARTSs performance. Thus, this cross-sectional
clinic-based study is aimed at investigating the diagnostic utility of the combined use of COMPASS
31 and ESC, by evaluating the diagnostic performance for CAN of the abnormality in both
COMPASS 31 and ESC (COMPASS 31+ESC), and of the abnormality in COMPASS 31 and/or
ESC (COMPASS 31 and/or ESC) in a well-characterized diabetic population and using a
comprehensive neurological examination. A secondary objective was to investigate the diagnostic
performance for DPN of abnormalities in COMPASS 31+ESC and COMPASS 31 and/or ESC.
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Materials and Methods

Patients
From November 2016 to July 2017, we evaluated 125 consecutive outpatients at the secondary care
diabetic clinic of the University Hospital of Rome Tor Vergata, Italy. Criteria for inclusion were the
diagnosis of Type 1 or Type 2 diabetes, and age between 18 and 80 years. Exclusion criteria were
severe comorbidities (eGFR <45ml/min, recent cardiovascular events, heart failure), peripheral or
autonomic neuropathies from other causes than diabetes, advanced peripheral arterial disease, active
limb ulcers, conditions precluding comprehension of the questionnaires like psychiatric disorders,
and the presence of a cardiac pacemaker.
The study was performed in accordance with the ethical standards of the Declaration of Helsinki as
revised in 2013 and was approved by the Ethics Committee of the University Hospital of Rome Tor
“rgata. All participants gave their written informed consent prior to inclusion in the study.
A complete clinical history regarding diabetes, its complications and comorbidities, and the ongoing
treatments in particular with drugs interfering with CARTSs (like furosemide, alpha-lytic or
psychoactive agents) was collected. Anthropometric variables, including height, weight, waist
circumference, and casual blood pressure were measured. Routine laboratory assessment including
HbAc, lipid profile, serum creatinine, and microalbuminuria, and ophthalmoscopic examination
were carried out.

Autonomic neuropathy assessment
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Participants were requested to complete COMPASS 31 in its Italian version before undergoing the
other examinations. According to our previous studies of validation of COMPASS 31 for
autonomic symptoms of diabetic neuropathy, COMPASS 31 was considered abnormal in the
presence of a Total Weighted Score (TWS) >16.44 (8, 27). Operators were blinded to the
COMPASS 31 results.

Four CARTS, three based on heart rate variation (deep breathing, lying to standing, Valsalva
manoeuvre), and orthostatic hypotension test were performed using age-related reference values for
heart rate based CARTS (28). An autonomic score was derived from CARTS results as an index of
overall CAN severity by giving a score of 0 to a normal result, 1 to a borderline result and 2 to an
abnormal result. We considered participants with >1 abnormal cardiovagal test as having CAN and
those with >2 abnormalities as having confirmed CAN (2, 29).

DPN assessment

Neuropathic symptoms and deficits related to DPN were evaluated using the Michigan Neuropathy
Screening Instrument Questionnaire (MNSI-Q), and the Michigan Diabetic Neuropathy Score
(MDNS) (30). Moreover, vibration perception threshold (VPT) was measured using Biothesiometer
at the hallux dorsum and at the lateral malleolus (31); age-related normal values derived from
literature were used (32). Warm (WTT) and cold thermal perception thresholds (CTT) were
assessed with TSA-I1 Neurosensory Analyzer (Medoc, Ramat Yishai, Israel) at the dorsum of both
feet following the level test procedure (33). Criterion for the definition of DPN (probable) was the
presence of at least two abnormalities among symptoms, signs, VPT and thermal perception
thresholds (29).

Sudomotor function assessment

Sudomotor function was assessed by an operator unaware of the neurological assessment through
ESC measured at the hands and feet using Sudoscan (Impeto Medical, Paris, France). ESC is based
on an electrochemical reaction between sweat chloride and stainless steel electrodes in response to
applied low voltage direct current (34), thus it reflects the flow of chloride ions from sweat glands
to the skin caused by an electric current through the activation of the sympathetic sudomotor fibers

or a direct stimulation of sweat glands (15, 35). Participants were requested to avoid previous
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application of moisturizing creams, and instructed to put both palms and both feet simultaneously
on electrodes. ESC results were considered abnormal if <50 yS and <70 pS for hands and feet
respectively (34, 36).

Statistical analysis

Considering the results obtained with COMPASS 31 and ESC feet in the previous studies in
participants with DPN or CAN (8, 14, 20), a sample size of ~90 was planned.

Data are expressed as mean + standard deviation (SD). Student’s t-test as test of significance for
means, the Chi square test for categorical variables, and Spearman coefficients for relationships
were used. A value of P <0.05 was considered significant. Fisher’s exact P value was considered for
Chi square test. Analysis of covariance was used to compare the continuous variables of major
interest, i.e. COMPASS 31 TWS and ESC, between groups with and without CAN and DPN taking
into account those clinical variables possibly related to COMPASS 31 TWS and ESC (37).

The diagnostic accuracy of isolated COMPASS 31 and ESC measurement for CAN and DPN was
assessed through the area under the receiver operating characteristic curve (AUC), as well as the
sensitivity, specificity, positive and negative predictive value, and the likelihood ratios for the
combination of abnormalities of COMPASS 31+ESC and COMPASS 31 and/or ESC. Two-sided
95% confidence intervals (C. I.) were also calculated. All statistical analyses were done using
STATA (StataCorp LP, College Station, TX, USA).

Results

- cording to the selection criteria, 102 subjects, 63 males and 39 females, all white, were included
in the study. Table 2 describes the clinical characteristics of the studied population. Mean age and
duration of diabetes were 57 years and 17 years, 66 (64.7%) had type 2 diabetes.

CARTSs were not successfully performed in 6 participants due to technical reasons like the presence
of irregular rhythm and artefacts on ECG recording during testing. These 6 patients were not
classified with regard to CAN and therefore not included in the statistical analysis concerning CAN.
Thus, among the 96 subjects with CAN assessment, confirmed CAN and CAN (both early and
confirmed) were present in 12 and 27 (12.5% and 28.1%, respectively).
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In the whole studied population, DPN was present in 51.9%, abnormal COMPASS 31 in 47.4% and
abnormal ESC (hands and/or feet) in 48.0% (Table 2).

Mean COMPASS 31 TWS was significantly higher in patients with confirmed CAN compared to
those without (P=0.0025), and in those with DPN compared to those without (P=0.0017) (Table 3).
COMPASS 31 TWS was related to autonomic score (rho=0.209, P=0.0487), deep breathing (rho=-
0.285, P=0.0072), lying to standing (rho=-0.212, P=0.0470), mean VPT hallux (rho=0.254,
P=0.0139), MDNS (rh0o=0.345, P=0.0008), MNSI-Q (rh0=0.583, P<0.0001), WTT (rho=0.281,
P=0.0091), and CTT (rho=-0.294, P=0.0064). On the other hand, COMPASS 31 TWS was not

related to any of clinical variables as age, sex, BMI, diabetes duration, HbA1c and lipids.

Mean values of ESC significantly differed according to the presence of CAN (P <0.0001) and DPN
(P=0.0004 for ESC hands and P <0.0001for ESC feet) (Table 3). The only relationship between
ESC and clinical variables was that of mean ESC feet with triglycerides (rho=-0.273, P=0.0065). In
the analysis of covariance after adjustment for triglycerides, the significant differences in mean ESC
feet between the groups with and without CAN and with and without DPN retained the same degree
(P<0.0001). Moreover, mean ESC feet was related to autonomic score (rho=-0.381, P=0.0002),
deep breathing (rho=0.543, P<0.0001), lying to standing (rho=0.343, P=0.0009), Valsalva ratio
(rho=0.379, P=0.0012), VPT hallux (rho=-0.302, P=0.0024), MDNS (rho=-0.368, P=0.0002), and
MNSI-Q (rho=-0.221, P=0.0267). Mean ESC hands showed similar correlations with autonomic
score (rho=-0.256, P=0.0126), deep breathing (rho=0.415, P<0.0001), lying to standing (rho=0.428,
P<0.0001), Valsalva ratio (rho=0.265, P=0.0238), VPT hallux (rho=-0.266, P=0.0075), and MDNS
(rho=-0.227, P=0.0223).

No association was found between abnormality in ESC and COMPASS TWS, as well as no
correlations between ESC and COMPASS 31 scores, apart from that between hands ESC and

vasomotor domain score (rho=0.229, P=0.246).

Two patterns of abnormalities of COMPASS 31 and ESC, i.e. COMPASS 31+ESC and COMPASS
31 and/or ESC, were more frequent in participants with CAN (Chi?=7.57, P=0.0088 and Chi?=8.20,
P=0.0045), confirmed CAN (Chi?=7.44, P=0.0118 and Chi?=5.73, P=0.0159), and DPN (Chi?=9.04,
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P=0.0041 and Chi?=9.04, P=0.0041), compared to those without (Fig. 1). In particular, the totality
of participants with confirmed CAN had the pattern COMPASS 31 and/or ESC.

When considering the diagnostic accuracy of tests using ROC analysis, COMPASS 31 TWS
showed values of AUC of 0.62 for the diagnosis of CAN, 0.73 for confirmed CAN and 0.68 for
DPN (Fig. 2). Moreover, values of AUC of ESC feet were 0.74, 0.92, and 0.69 for the diagnosis of
CAN, confirmed CAN and DPN, respectively (Fig. 3). Moreover, at the cut-off of 16.44,
COMPASS 31 TWS reached a sensitivity of 75% for confirmed CAN, whereas the abnormality of
ESC hands and/or feet had a value of sensitivity of 83% (Table 4). When combining the tests, the
diagnostic performance of the two patterns of abnormalities COMPASS 31+ESC and COMPASS 31
and/or ESC rose by up to 100% for the sensitivity for CAN and 89% for the specificity for DPN
(Table 5).

This article is protected by copyright. All rights reserved.



Discussion
COMPASS 31 results

Recently, we validated COMPASS 31 for autonomic symptoms of diabetic autonomic neuropathy
(8). In the validation study, in 73 participants with diabetes, we observed that COMPASS 31 scores
were associated with CAN and DPN, related to their severity, and that COMPASS 31 TWS had a
fair diagnostic accuracy for CAN and DPN with AUCs of 0.75 for CAN and 0.74 for DPN, and
sensitivity and specificity of 75% and 65.5% for CAN and of 65.5% and 79.5% for DPN (8).
Moreover, COMPASS 31 had good internal consistency with a Cronbach’s coefficient of 0.73 (8).

Therefore, the diagnostic performance of COMPASS 31 proved to be better than expected on the
basis of the assumption of a relatively low specificity and also the late appearance of symptoms in
the natural history of diabetic autonomic neuropathy. Based on these findings, COMPASS 31 was
proposed as a quantitative assessment tool for autonomic symptoms in diabetic neuropathy,
possibly useable as a screening tool in clinical practice. The Survey of Autonomic Symptoms had
been also validated for the diagnosis of diabetic neuropathy and suggested as a valid and easily
administered tool for autonomic symptoms in early diabetic neuropathy, given that the studied

population included almost exclusively subjects with impaired glucose tolerance (94%) (38).

In the present study COMPASS 31 would appear to retain similar characteristics of diagnostic
performance for CAN and DPN, with values of AUC up to 0.73, sensitivity up to 75% and
specificity up to 65%, but with values for DPN being slightly lower than in the previous study. This
may be due to differences between the populations of the present and previous study (8) like a
larger sample size (102 Vs. 73), a longer diabetes duration (18 Vs. 12 years), and a higher

.. 2valence of DPN (52% Vs. 40%). However, an AUC of 0.73 for confirmed CAN supports overall
fair diagnostic accuracy of COMPASS 31 (a value >0.7). The associations of higher values of
COMPASS TWS with the presence of CAN and DPN and its relationship with most neurological

measures of small and large fiber function confirm our previous reports (8).
ESC results

With regard to sudomotor assessment, we found that hands and feet ESC were lower in participants
with CAN and DPN and were significantly related to all cardiovascular tests (in particular with

deep breathing test: P<0.0001) and the autonomic score, to the scores of neuropathic symptoms and
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signs, and to VPT, but not to thermal thresholds. These findings confirm previous observations (13,
14, 19) of correlations of hands and feet ESC with clinical neuropathy scores (i.e., NIS-LL, UENS
and MNSI, NDS and NSS, TCNS) (13, 19, 22, 39-41), deep breathing (13, 14), Valsalva test (13),
CARTSs based autonomic score (14), VPT (14, 20, 21, 41), and thermal thresholds, with the lowest
significance for the latter (13). In the current study, feet ESC showed a fair diagnostic accuracy for
CAN, in particular for confirmed CAN with an AUC of 0.92, while the abnormality of hands or feet
ESC had the best sensitivity for confirmed CAN (83%) and the best specificity for DPN (67%). The
values of sensitivity for CAN position themselves intermediately between the lower ones of
Selvarayah et al (14) and the higher ones of Yainjk et al (25) and Yuan et al (26), who used,
however, a composite score based on ESC and clinical variables. With regard to DPN, when
considering studies with a diagnosis of at least probable DPN (13, 14, 17, 19, 20, 22, 40), the
sensitivity of 62% found here was lower than previously observed, ranging from 67.5% to 87.5%,
and the specificity of 67% in the middle of the range from 53% to 92% (Table 1).

Combination of COMPASS 31 and ESC

This study was aimed at answering the question of whether the combination of COMPASS 31 and
ESC works better than the single tests. We explored two patterns: the presence of both
abnormalities and the presence of at least one abnormality among COMPASS 31 and ESC. The
study found that sensitivity and specificity improved when using the tests in combination, in
particular for CAN, with a sensitivity of 92% for CAN and 100% for confirmed CAN with the
pattern of COMPASS 31+ESC, and a specificity of 82% and 79% for CAN and confirmed CAN
with the pattern COMPASS 31 and/or ESC. Diagnostic performance improved also for DPN with a

sensitivity of 85% and a specificity of 89% with two patterns respectively.

The diagnostic value for DPN of these autonomic tests deserves some comments. While the ability
of ESC to discriminate the presence of DPN is more obvious, given the distal localization of sweat
glands, the presence of vasomotor and secretomotor domains in the COMPASS 31, exploring
symptoms related to skin color and sweating changes might explain the association with DPN,
although no preferential relationship between these domains and DPN was found in the previous
work (8), like in the present study. It is noteworthy that ESC was not associated with COMPASS 31
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results, apart from the correlation between hand ESC and vasomotor domain score. The lack of
association between ESC and COMPASS 31 was also observed in 82 symptomatic subjects with
hATTR V30M amyloidosis (42). The absence of overlapping between abnormalities in COMPASS

31 and ESC might contribute to the better diagnostic performance of their combination.

COMPASS 31 is an easy-to-use, time-saving and inexpensive tool, useable as a self-questionnaire
in the waiting room, which addresses the need to evaluate autonomic symptoms and also works as a
screening tool for CAN and DPN. ESC measurement is easy to perform, of very short duration,
does not require complex subject cooperation (apart from the need to maintain one’s palms stable
on the electrodes) or special training for personnel, but it does require an expensive device. This
study for the first time documents that the combination of the two procedures improves the
performances obtained when used separately. Moreover, the lack of associations between
COMPASS 31 and ESC results suggests that they explore distinct abnormalities and might

complement each other.
Strengths and limitations

The strengths of this study are the well-characterized diabetic population, the use of gold-standard
tests for CAN diagnosis and a multilevel diagnostic approach to DPN including symptoms, signs,
VPT and thermal thresholds to reach the diagnosis of probable DPN (29). A limitation is the lack of
a nerve conduction study or skin biopsy to get a confirmed diagnosis of DPN (29). Moreover, we
did not use normal reference values for ESC provided by our laboratory but those available from
literature. Participants did not withdraw diuretics or alpha-lytics, the drugs that interfere most with
_ ARTSs, before testing. However, the associations of CAN and DPN with COMPASS 31 and ESC
did not change after adjustment for the use of these agents in the analysis of covariance.

There is some debate on the meaning of ESC in the scenario of sudomotor function assessment.
Given that ESC measures the amount of sweating in response to current, it can represent the number
of preserved sweat glands more than the efficiency of autonomic pathways and fibres. It is not in
the remit of this study to disentangle this aspect or to delineate whether the impaired ESC is a
surrogate marker for a general state of patients with diabetes or effectively the expression of

damaged or dysfunctional neural pathways controlling sudomotor function. The study documents
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that ESC is associated with the presence of CAN and DPN and is related to the degree of
impairment of neurological measures. Previous studies, using the gold-standard for sudomotor
function QSART, have shown weak correlations between sweat volume of lower limb and feet ESC
(19, 22), and recent reviews have described in detail the differences between these techniques
assessing sudomotor function (11, 15, 35). Thus, the use of ESC as a marker of distal autonomic
function seems to be supported although a conclusive demonstration of its direct assessment of
sudomotor function is lacking. Moreover, correlations between ESC and morphology of small fibres
have been reported by some authors using skin biopsy parameters although weaker than expected
(15, 19, 43) and denied by others using corneal confocal microscopy measures (44). Finally, ESC
has been advocated as a sensitive outcome in an intervention study with bariatric surgery in subjects
with prediabetes and type 2 diabetes (45), but also the associations between ESC and CARTSs were
inconsistent at 1-year follow-up in 37 subjects with type 1 diabetes and free of complications, and
the ESC decline unrelated to clinical variables and standard autonomic measures (46). The position
statement of the American Diabetes Association did not recommend routine screening for
sudomotor dysfunction in clinical practice (3).

Conclusions

This study documents that the combination of COMPASS 31 and ESC is able to provide a better
diagnostic performance for CAN and to a lower degree also for DPN, reaching a high level of
sensitivity with the pattern of an abnormality in the results of either COMPASS 31 or ESC and of
specificity with the pattern of abnormalities of both tests. Although for all techniques that assess
different outcomes from autonomic cardiovascular function the statement that they cannot replace
established CARTS is still reasonable, in a busy clinical setting, the combination of these two
simple and time-saving tests can allow a stepwise screening strategy for CAN, by suggesting with
high probability the absence of disease in the case of combined normality, and prompting to
standard CARTSs in the case of combined abnormality in COMPASS 31 and ESC. However, given
the low PPV and the limited ability of the combined abnormality to predict the presence of CAN,
CARTSs are still needed to get a final diagnosis.
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The limited sample size of this study requires further validation in a larger, possibly multi-center,

population with diabetes.

Prior Presentation.
Part of this study was presented at the 28" Annual Meeting of the Diabetic Neuropathy Study
wioup of the EASD (NEURODIAB), 4-7 September 2018, Rome, Italy.

Acknowledgement

This research did not receive specific support or funding from any agency in the public, industry, or
not-for-profit sectors.

The Sudoscan device was kindly provided for a 6 month period by Medival, Medica Valeggia
S.p.A., Padua, Italy.

This article is protected by copyright. All rights reserved.



Disclosure
The Authors declare that there are no potential conflicts of interest relevant to the subject of this

study.

References

1. England JD, Gronseth GS, Franklin G, Carter GT, Kinsella LJ, Cohen JA, Asbury AK, Szigeti
K, Lupski JR, Latov N, Lewis RA, Low PA, Fisher MA, Herrmann DN, Howard JF Jr, Lauria
G, Miller RG, Polydefkis M, Sumner AJ; American Academy of Neurology. Practice Parameter:

This article is protected by copyright. All rights reserved.



10.

evaluation of distal symmetric polyneuropathy: role of autonomic testing, nerve biopsy, and skin
biopsy (an evidence-based review). Report of the American Academy of Neurology, American
Association of Neuromuscular and Electrodiagnostic Medicine, and American Academy of
Physical Medicine and Rehabilitation. Neurology. 2009;72:177-84

Spallone V, Ziegler D, Freeman R, Bernardi L, Frontoni S, Pop-Busui R, Stevens M, Kempler
P, Hilsted J, Tesfaye S, Low P, Valensi P; Toronto Consensus Panel on Diabetic Neuropathy.
Cardiovascular autonomic neuropathy in diabetes: clinical impact, assessment, diagnosis, and
management. Diabetes Metab Res Rev. 2011;27:639-53.

Pop-Busui R, Boulton AJ, Feldman EL, Bril V, Freeman R, Malik RA, Sosenko JM, Ziegler D.
Diabetic Neuropathy: A Position Statement by the American Diabetes Association. Diabetes
Care. 2017;40:136-154.

Suarez GA, Opfer-Gehrking TL, Offord KP, Atkinson EJ, O'Brien PC, Low PA. The Autonomic
Symptom Profile: a new instrument to assess autonomic symptoms. Neurology 1999; 52: 523-8.
Low PA, Benrud-Larson LM, Sletten DM, Opfer-Gehrking TL, Weigand SD, O'Brien PC,
Suarez GA, Dyck PJ. Autonomic symptoms and diabetic neuropathy: a population-based study.
Diabetes Care 2004;27: 2942-7.

Sletten DM, Suarez GA, Low PA, Mandrekar J, Singer W. COMPASS 31: a refined and
abbreviated Composite Autonomic Symptom Score. Mayo Clin Proc 2012; 87: 1196-201.
Pierangeli G, Turrini A, Giannini G, Del Sorbo F, Calandra-Buonaura G, Guaraldi P, Bacchi
Reggiani ML, Cortelli P. Translation and linguistic validation of the Composite Autonomic
Symptom Score COMPASS 31. Neurol Sci 2015; 36: 1897-902.

Greco C, Di Gennaro F, D'Amato C, Morganti R, Corradini D, Sun A, Longo S, Lauro D,
Pierangeli G, Cortelli P, Spallone V. Validation of the Composite Autonomic Symptom Score
31 (COMPASS 31) for the assessment of symptoms of autonomic neuropathy in people with
diabetes. Diabet Med. 2017;34:834-838

Assessment: Clinical autonomic testing report of the Therapeutics and Technology Assessment
Subcommittee of the American Academy of Neurology. Neurology. 1996;46:873-80.

Kempler P, Amarenco G, Freeman R, Frontoni S, Horowitz M, Stevens M, Low P, Pop-Busui

R, Tahrani AA, Tesfaye S, Varkonyi T, Ziegler D, Valensi P; Toronto Consensus Panel on

This article is protected by copyright. All rights reserved.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Diabetic Neuropathy. Management strategies for gastrointestinal, erectile, bladder, and
sudomotor dysfunction in patients with diabetes. Diabetes Metab Res Rev. 2011;27:665-77.

Buchmann SJ, Penzlin Al, Kubasch ML, Illigens BM, Siepmann T. Assessment of sudomotor
function. Clin Auton Res. 2019;29:41-53.

Calvet JH, Dupin J, Winiecki H, Schwarz PE. Assessment of small fiber neuropathy through a
quick, simple and non invasive method in a German diabetes outpatient clinic. Exp Clin
Endocrinol Diabetes. 2013;121:80-3.

Casellini CM, Parson HK, Richardson MS, Nevoret ML, Vinik Al. Sudoscan, a noninvasive tool
for detecting diabetic small fiber neuropathy and autonomic dysfunction. Diabetes Technol Ther.
2013;15:948-53.

Selvarajah D, Cash T, Davies J, Sankar A, Rao G, Grieg M, Pallai S, Gandhi R, Wilkinson 1D,
Tesfaye S. SUDOSCAN: A Simple, Rapid, and Objective Method with Potential for Screening
for Diabetic Peripheral Neuropathy. PL0oS One. 2015;10:e0138224.

Novak P. Electrochemical skin conductance: a systematic review. Clin Auton Res. 2019;29:17-
29.

Rajan S, Campagnolo M, Callaghan B, Gibbons CH. Sudomotor function testing by
electrochemical skin conductance: does it really measure sudomotor function? Clin Auton Res.
2019;29:31-39.

Yajnik CS, Kantikar VV, Pande AJ, Deslypere JP. Quick and simple evaluation of sudomotor
function for screening of diabetic neuropathy. ISRN Endocrinol. 2012;2012:103714.

Eranki VG, Santosh R, Rajitha K, Pillai A, Sowmya P, Dupin J, Calvet JH. Sudomotor function
assessment as a screening tool for microvascular complications in type 2 diabetes. Diabetes Res
Clin Pract. 2013;101:e11-3.

Smith AG, Lessard M, Reyna S, Doudova M, Singleton JR. The diagnostic utility of Sudoscan
for distal symmetric peripheral neuropathy. J Diabetes Complications. 2014;28:511-6.

Sheshah E, Madanat A, Al-Greesheh F, Al-Qaisi D, Al-Harbi M, Aman R, Al-Ghamdi AA, Al-
Madani K. Electrochemical skin conductance to detect sudomotor dysfunction, peripheral
neuropathy and the risk of foot ulceration among Saudi patients with diabetes mellitus. J Diabetes
Metab Disord. 2016;15:29.

This article is protected by copyright. All rights reserved.



21.

22,

23.

24,

25.

26.

217.

28.

29.

Goel A, Shivaprasad C, Kolly A, Sarathi H A V, Atluri S. Comparison of electrochemical skin
conductance and vibration perception threshold measurement in the detection of early diabetic
neuropathy. PLoS One. 2017;12:e0183973.

Krieger SM, Reimann M, Haase R, Henkel E, Hanefeld M, Ziemssen T. Sudomotor Testing of
Diabetes Polyneuropathy. Front Neurol. 2018;9:803.

Carbajal-Ramirez A, Hernandez-Dominguez JA, Molina-Ayala MA, Rojas-Uribe MM,Chéavez-
Negrete A. Early identification of peripheral neuropathy based on sudomotor dysfunction in
Mexican patients with type 2 diabetes. BMC Neurol. 2019;19:109.

Cabré JJ, Mur T, Costa B, Barrio F, Lopez-Moya C, Sagarra R, Garcia-Barco M, Vizcaino J,
Bonaventura I, Ortiz N, Flores-Mateo G, Sola-Morales O; Catalan Diabetes Prevention Research
Group. Feasibility and Effectiveness of Electrochemical Dermal Conductance Measurement for
the Screening of Diabetic Neuropathy in Primary Care. Decoding Study (Dermal
Electrochemical Conductance in Diabetic Neuropathy). J Clin Med. 2019;8:598.

Yajnik CS, Kantikar V, Pande A, Deslypere JP, Dupin J, Calvet JH, Bauduceau B. Screening of
cardiovascular autonomic neuropathy in patients with diabetes using non-invasive quick and
simple assessment of sudomotor function. Diabetes Metab. 2013;39:126-31.

YuanT, LiJ, FuY, Xu T, LiJ, Wang X, Zhou Y, Dong Y, Zhao W. A cardiac risk score based
on sudomotor function to evaluate cardiovascular autonomic neuropathy in asymptomatic
Chinese patients with diabetes mellitus. PLoS One. 2018;13:e0204804.

Greco C, D'Amato C, Di Gennaro F, Sun A, Lombardo G, Campo M, Frattina V, Lauro D,
Pierangeli G, Cortelli P, Spallone V. Diagnostic value of different autonomic symptoms assessed
by COMPASS 31 for cardiovascular autonomic neuropathy and diabet- ic polyneuropathy.
Diabetologia 2017;60, Suppl 1:5989-5989.

Spallone V, Bellavere F, Scionti L, Maule S, Quadri R, Bax G, et al. Recommendations for the
use of cardiovascular tests in diagnosing diabetic autonomic neuropathy. Nutr Metab Cardiovasc
Dis 2011; 21: 69-78.

Tesfaye S, Boulton AJ, Dyck PJ, Freeman R, Horowitz M, Kempler P, et al. Diabetic
neuropathies: update on definitions, diagnostic criteria, estimation of severity, and treatments.
Diabetes Care 2010; 33: 2285-93.

This article is protected by copyright. All rights reserved.



30.

31.

32.

33.

34.

35.

36.

37.
. Zilliox L, Peltier AC, Wren PA, Anderson A, Smith AG, Singleton JR, Feldman EL, Alexander

AN

39.

40.

Feldman EL, Stevens MJ, Thomas PK, Brown MB, Canal N, Greene DA. A practical two-step
quantitative clinical and electrophysiological assessment for the diagnosis and staging of diabetic
neuropathy. Diabetes Care 1994; 17: 1281-1289.

Bril V, Perkins BA. Comparison of vibration perception thresholds obtained with the
Neurothesiometer and the CASE 1V and relationship to nerve conduction studies. Diabet Med.
2002;19:661-6.

Bax G, Fagherazzi C, Piarulli F, Nicolucci A, Fedele D. Reproducibility of Michigan Neuropathy
Screening Instrument (MNSI). A comparison with tests using the vibratory and thermal
perception Front Neurol thresholds.. Diabetes Care. 1996; 19:904-5.

Zinman LH, Bril V, Perkins BA. Cooling detection thresholds in the assessment of diabetic
sensory polyneuropathy: comparison of CASE IV and Medoc instruments. Diabetes Care.
2004;27:1674-9.

Mayaudon H, Miloche PO, Bauduceau B. A new simple method for assessing sudomotor
function: relevance in type 2 diabetes. Diabetes Metab. 2010;36:450-4.

Ziemssen T, Siepmann T. The Investigation of the Cardiovascular and Sudomotor Autonomic
Nervous System-A Review. Front Neurol. 2019;10:53.

Vinik Al, Smith AG, Singleton JR, Callaghan B, Freedman BIl, Tuomilehto J,Bordier L,
Bauduceau B, Roche F. Normative Values for Electrochemical Skin Conductances and Impact
of Ethnicity on Quantitative Assessment of Sudomotor Function. Diabetes Technol Ther.
2016;18:391-8.

Petrie A, Sabin C. Medical statistics at a glance. 1st ed. Oxford: Blackwell Science Ltd; 2000.

NB, Russell JW. Assessing autonomic dysfunction in early diabetic neuropathy: the Survey of
Autonomic Symptoms. Neurology 2011 22; 76: 1099-105.

Shivaprasad C, Amit G, Anish K, Rakesh B, Anupam B, Aiswarya Y. Clinical correlates of
sudomotor dysfunction in patients with type 2 diabetes and peripheral neuropathy. Diabetes Res
Clin Pract. 2018;139:188-194.

Binns-Hall O, Selvarajah D, Sanger D, Walker J, Scott A, Tesfaye S. One-stop microvascular
screening service: an effective model for the early detection of diabetic peripheral neuropathy
and the high-risk foot. Diabet Med. 2018;35:887-894.

This article is protected by copyright. All rights reserved.



41.

42.

43.

44,

45.

46.

Mao F, Liu S, Qiao X, Zheng H, Xiong Q, Wen J, Liu L, Tang M, Zhang S, Zhang Z, Ye H, Lu
B, Li Y. Sudoscan is an effective screening method for asymptomatic diabetic neuropathy in
Chinese type 2 diabetes mellitus patients. J Diabetes Investig. 2017;8:363-368.

Conceicdo I, de Castro I, Castro J. Correlation between Sudoscan and COMPASS 31:assessment
of autonomic dysfunction on hATTR V30M patients. Amyloid. 2019;26(supl):23.

Duchesne M, Richard L, Vallat JM, Magy L. Assessing sudomotor impairment in patients with
peripheral neuropathy: Comparison between electrochemical skin conductance and skin biopsy.
Clin Neurophysiol. 2018;129:1341-1348.

Yan A, Issar T, Tummanapalli SS, Markoulli M, Kwai NCG, Poynten AM, Krishnan AV.
Relationship between corneal confocal microscopy and markers of peripheral nerve structure and
function in Type 2 diabetes. Diabet Med. 2019 Mar 21.

Casellini CM, Parson HK, Hodges K, Edwards JF, Lieb DC, Wohlgemuth SD, Vinik Al.
Bariatric Surgery Restores Cardiac and Sudomotor Autonomic C-Fiber Dysfunction towards
Normal in Obese Subjects with Type 2 Diabetes. PL0oS One. 2016;11:e0154211.

Ang L, Jaiswal M, Callaghan B, Raffel D, B Brown M, Pop-Busui R. Sudomotor dysfunction as
a measure of small fiber neuropathy in type 1 diabetes. Auton Neurosci. 2017;205:87-92.

This article is protected by copyright. All rights reserved.



Table 1. Sensitivity and specificity of Feet ESC for CAN and DPN in the available published studies.

Author, year Diabetic CAN CAN DPN measures DPN
(country) Population  measures  Sensitivity ~Specificity Sensitivity ~ Specificity
Yajnik, 2012 265 type 2 - - - Symptoms, Signs, QST 73 62
(India) (17)

Casellini, 2013 20 type 1 - - - Symptoms, 78.3 92.4
(US) (13) 63 type 2 Signs, QST

" ajnik, 2013 232type2 DB,LS 92 (CAN- 49 (CAN- - - -
(India) (25) RS 35%) RS 35%)

Eranki, 2013 309 type 2 - - - QST 82 55
(India) (18)

Smith, 2014 22 - - - Symptoms, Signs, QST, 77 67
(US) (19) NCS, IENFD

Selvarajah, 45 type 1 HR, DB, 60 76 Symptoms, Signs, QST, 87.5 76.2
2015 LS, VR, NCS

(UK) (14) OH

Sheshah, 2016 24 type 1 - - - Symptoms (NSS), Signs 67.5 58.9
(Saudi Arabia) 272 type 2 (NDS), QST (VPT),

(20) NCS: confirmed DPN
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Goel, 2017 523 type 2 - - - Symptoms (DNS>1) 52 60
(India) (21) VPT>15V 72 90
Yuan, 2018 9typel DB, LS, 98.5 29.5 - - -
(China) (26) 94 type 2 VR (CAN-RS  (CAN-RS

20.5%) 20.5%)
Binns-Hall, 5type 1 - - - Symptoms and signs 77.4 68.3
2018 231 type 2 (TCNS) (ESC feet cut-
(UK) (39) off of 58.5)
Krieger, 2019 47 type 2 - - - Symptoms (NSS) 70 53
(Germany) (22) Signs (NDS)

NCS

Carbajal- 221 type 2 - - - Signs (MNSI) 97 Not
Ramirez, 2019 provided
(Mexico) (23)
Cabré, 2019 100 type 2 - - - NCS 20 96
(Spain) (24)

CAN-RS: CAN risk score, based on both ESC results and clinical parameters; CARTSs: Cardiovascular Autonomic Reflex
Tests; DB: Deep Breathing test; DNS: Diabetic Neuropathy Symptom; IENFD: Intraepidermal Nerve Fiber Density; HR:
Heart Rate; LS: Lying to Standing test; MNSI: Michigan Neuropathy Screening Instrument; NCS: Nerve Conduction Study;
NDS: Neuropathy Disability Score; NSS: Neuropathy Symptom Score; OH: Orthostatic Hypotension test; QST: Quantitative
Sensory Testing; TCNS: Toronto Clinical Neuropathy Score; VPT: Vibration Perception Threshold; VR: Valsalva Ratio

Table 2. Anthropometric, clinical, metabolic and neurological characteristics of 102 participants with
diabetes. CARTs and CAN diagnosis are provided for 96 participants (see the text).

Anthropometric characteristics

Males/females 63:39
Age (years) 57.13+ 13.66
BMI (Kg/m?) 27.10+4.34
Clinical and metabolic characteristics

Diabetes duration (years) 17.48 + 13.59
Type 2 diabetes (%) 64.7
HbAlc (mmol/mol) 545+ 11.84
Total cholesterol (mg/dl) 169.27 +41.09
Triglycerides (mg/dl) 112.13 £ 54.40
Retinopathy (%) 37.9
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Microalbuminuria (%)

15.6

eGFR (ml/min x 1.73 m?) 86.32 + 20.74
Casual PA (mmHg) 131.03/75.08 + 17.07/10.01
Hypertension (%) 63.7
Cardiovascular disease (%) 26.5
Peripheral vascular disease (%) 12.1
Alcohol consumption (%) 35.0
Current smokers (%) 22.8
Regular physical activity (%) 443
Neurological characteristics

MNSI-Q 2.29+ 2.66
MDNS 4.54 + 3,55
VPT hallux (Volt) 24.25 + 13.83
CTT dorsal foot (°C) 28.69 + 4.85
WTT dorsal foot (°C) 35.88 + 4.01
DPN (%) 51.9
Expiration/Inspiration Ratio 1.26+0.18
Lying to Standing ratio 1.16 £ 0.15
Valsalva Ratio 1.53+0.30
Orthostatic Hypotension (mmHg) 12,22 +9.78
Autonomic score 1.40+1.83
CAN (%) 28.1
Confirmed CAN (%) 125
COMPASS 31 TWS 20.34 + 16.83
Abnormal Compass 31 TWS (%) 47.4
ESC hands (uS) 66.72 £ 16.52
ESC feet (uS) 69.28 + 17.59
Abnormal hands and/or feet ESC (%) 48.0

CTT: Cold Thermal Threshold; MDNS: Michigan Diabetic Neuropathy Score; MNSI: Michigan Neuropathy Screening
Instrument; VVPT: Vibration Perception Threshold; TWS: Total Weighted Score; WTT: Warm Thermal Threshold
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Table 3. Mean values of COMPASS 31 Total Weighted Score (TWS) and ESC hands and feet in patients
with and without CAN (early and confirmed), confirmed CAN and DPN.

With CAN Without P With Without P With DPN Without DPN P
CAN confirmed  confirmed
CAN CAN

COMPASS 259+194 183+155 0.0530 34.1+214 184+153 0.0025 25.4+183 14.7+13.1 0.0017
31 TWS
'ESChands 55.1+21.9 71.4+117 <0.0001 496+215 69.3+14.6 <0.0001 61.3+19.6 72.6+9.6 0.0004

| (uS)
ESC feet 543+235 749+10.7 <0.0001 41.6+23.0 73.0+13.0 <0.0001 62.8+21.1 76.3+8.5 <0.0001

| (uS)
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Table 4. Diagnostic characteristics for CAN, confirmed CAN and DPN of abnormality in COMPASS 31
or ESC (hands and/or feet): sensitivity, specificity, Positive Predictive Value (PPV), Negative Predictor

Value (NPV), Likelihood ratio for positive (LR+) and negative (LR-) results. 95% CI in the brackets.

Sensitivity (%) Specificity (%) PPV (%) NPV (%) LR+ LR-
CAN
Compass 31 58 56 34 77 1.31 0.75
(39-77) (44-68) (20-48) (65-89) (0.86-2.01) (0.46-1.24)
ESC 78 64 46 88 2.15 0.35
hands/feet
(62-93) (52-75) (31-60) (79-97) (1.48-3.11) (0.17-0.72)
Confirmed
CAN
Compass 31 75 56 20 94 1.71 0.44
(50-99) (45-67) (8-32) (87-100) (1.14-2.58) (0.16-1.21)
ESC 83 57 22 96 1.94 0.29
hands/feet (62-104) (46-68) (10-34) (91-101) (1.36-2.77) (0.08-1.05)
DPN
Compass 31 59 65 65 59 1.69 0.63
(45-72) (51-79) (51-79) (45-72) (1.07-2.67) (0.43-0.93)
ESC 62 67 67 62 1.91 0.56
hands/feet (49-75) (54-80) (54-80) (49-75) (1.21-3.00) (0.38-0-83)
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Table 5. Diagnostic characteristics for CAN, confirmed CAN and DPN of pattern COMPASS 31+ESC or
Compass 31 and/or ESC: sensitivity, specificity, Positive Predictive Value (PPV), Negative Predictor
Value (NPV), Likelihood ratio for positive (LR+) and negative (LR-) results. 95% CI in the brackets.

Sensitivity Specificity PPV (%) NPV (%) LR+ LR-
(%) (%)

CAN
Compass 46 82 50 79 2.54 0.65
31+ESC (27-65) (72-89) (30-70) (70-89) (1.31-4.90) (0.41- 0.96)
Compass 31 92 38 37 93 1.49 0.20
and/or ESC (82-103) (26-50) (25-49) (83-102) (1.19-1.85) (0.05-0.80)
Confirmed CAN
Compass 58 79 29 93 2.74 0.53
31+ESC (30-86) (70-88) (11-47) (86-99) (1.45-5.19) (0.27- 1.04)
Compass 31 100 34 18 100 1.51 0
and/or ESC (100-100) (23-44) (9-28) (100-100) (1.29-1.76) (0 - NaN)
DPN
Compass 37 89 79 56 3.43 0.70
31+ESC (24-50) (80-98) (63-95) (45-67) (1.39-8.43) (0.56- 0.89)
compass 31 85 44 63 71 1.50 0.35
and/or ESC (75-94) (29-58) (51-74) (55-88) (1.13-1.98) (0.17-0.72)
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Figure Legends

Figure 1. Percentage of pattern COMPASS 31+ESC (abnormality in both measures) and pattern
COMPASS 31 and/or ESC (abnormality in at least one measure) in patients with CAN, confirmed
CAN and DPN.

Figure 2. Area under the Receiver Operating Characteristic (ROC) curve (AUC) of COMPASS 31
Total Weighted Score (TWS) for CAN and DPN.

Figure 3. Area under the Receiver Operating Characteristic (ROC) curve (AUC) of ESC feet for CAN
and DPN.
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Figure 1. Percentage of pattern COMPASS 31+ESC and pattern COMPASS 31 and/or
ESC in patients with and without CAN, confirmed CAN and DPN
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Figure 2. Area under the Receiver Operating Characteristic (ROC) curve (AUC) of
COMPASS 31 Total Weighted Score (TWS) for CAN, confirmed CAN and DPN
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Figure 3. Area under the Receiver Operating Characteristic (ROC) curve (AUC) of ESC
feet for CAN, confirmed CAN and DPN
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