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Introduction
Peripheral neuropathy is the most prevalent complication of type 

2 diabetes [1]. Autonomic neuropathy is probably the most overlooked 
area in the field of neuropathy [2]. Cardiovascular Autonomic Neu-
ropathy (CAN) has been shown to be the most important risk factor 
for silent ischemia in patients with diabetes [3]. Heart Rate Variability 
(HRV) with time and frequency domain analysis is a non-invasive and 
objective method to assess sympathetic and parasympathetic modu-
lation of the heart rate. It is generally accepted that the sympathetic 
system modulates the Low Frequency (LF) component whereas the 
parasympathetic system controls the High Frequency (HF) component 
[4]. Exercise has been shown to increase the accuracy of HRV analysis 
[5]. A joint consensus statement of the American Diabetes Association 
(ADA) and the American Academy of Neurology recommended that a 
battery of Cardiovascular Autonomic Reflex Tests (CARTs) assessing 
HRV during deep breathing or standing and monitoring postural sys-
tolic blood pressure fall (usually described as Ewing tests) should be 
performed to assess CAN [6,7]. 

Sweat glands are innervated by thin and unmyelinated sympathetic 
C-fibers that can be impaired by peripheral neuropathy, dependent
upon their length. Sudomotor dysfunction has been evidenced in pre-
diabetes and diabetes, and a consensus statement of the ADA suggests
that sudomotor function should be included in the diagnostic test for
the early detection of neuropathies in diabetes [8]. Several methods
have been developed, but the lack of easy and quick tests to diagnose

sudomotor dysfunction has restricted widespread use in clinical prac-
tice [9]. SUDOSCAN is a new device for quick, non-invasive and quan-
titative assessment of sudomotor function [10]. Several studies have 
shown that SUDOSCAN could be used to screen sympathetic system 
dysfunction in patients with Impaired Glucose Tolerance (IGT) or dia-
betes [11-13].

The aim of this study was to compare SUDOSCAN findings with 
HRV at rest and during moderate exercise, along with CARTs, in pa-
tients with type 2 diabetes.

Materials and Methods
Patients attending Diabetes Clinic with type 2 diabetes between 21-

75 years of age with or without peripheral or cardiac neuropathy were 
enrolled in the study after informed consent was signed. 

Exclusion criteria were: patients taking drugs that would have an ef-
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Abstract
Aims: Cardiovascular Autonomic Neuropathy (CAN) is a common but overlooked complication of diabetes. 

Sympathetic C-fibers innervating sweat glands can be impaired early in patients with diabetes. SUDOSCAN, a new 
and non-invasive device that assesses sudomotor function, was compared to Heart Rate Variability (HRV) and to 
Ewing tests, known to be reliable methods for the investigation of CAN. 

Methods: 232 patients with diabetes were measured for HRV at rest and during moderate activity (stair 
climbing). Time and frequency domain analysis techniques, including measurement of Standard Deviation of the 
average NN intervals over 5 minutes (SDNN), High Frequency domain component (HF) and Low Frequency domain 
component (LF), were assessed during HRV testing. Heart rate variations during deep breathing and heart rate 
and blood pressure responses while standing, as described by Ewing were also assessed. Electrochemical Sweat 
Conductance (ESC) was measured on the hands and feet, and a risk score was calculated. Patients were classified 
according to their risk score. The classifications were as follow: no sweat dysfunction, moderate sweat dysfunction 
and high sweat dysfunction. All results are means ± SD. 

Results: The highest correlation was observed between the risk score based on sudomotor function and the LF 
component during moderate activity (r = 0.47, p < 0.001). The risk score was higher in patients with a LF component 
value during moderate activity of < 90 ms2 (1st quartile) when compared to LF > 405 ms2 (3rd quartile) (46 ± 13 vs 30 
± 13, p < 0.001). When taking the LF power component during moderate activity < 90 ms2 as a reference value, the 
AUC of the ROC curve for the SUDOSCAN risk score was 0.77.  

Conclusions: SUDOSCAN allowing quick and quantitative assessment of sudomotor function can be used 
for the early screening of cardiovascular autonomic neuropathy in daily clinical practice before more sophisticated, 
specific, and time-consuming tests.
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fect on the sympathetic system, such as beta blocker or anti-arrhythmic 
drugs; amputation of arms or legs; patients suffering from either sei-
zures or epilepsy; and patients having suffered Myocardial Infarction 
(MI) and/or stroke in the past 6 months. 

Heart rate variability

Cardiac autonomic function was evaluated by heart rate variability 
analysis on a 3 lead ECG recording patients at rest (15 min) and during 
moderate activity (stair climbing at moderate speed, 45 min). The Holt-
er ECG recordings were analyzed on a commercially available Holter 
analysis system at a sampling rate of 200 Hz using a certified program 
(SyneScope, ELA Medical, France). Only R-R intervals between suc-
cessive normal beats (normal to normal R-R) were included in the cal-
culation of HRV. Recordings with greater than 1% ectopy or excessive 
artifacts were excluded from analysis. Time domain analysis was per-
formed with the calculation of Standard Deviation of Normal to Nor-
mal R-R intervals (SDNN) correlated to total autonomic activity, and 
Root Mean Squared of Successive Differences (RMSSD) correlated to 
parasympathetic activity. Frequency domain analysis was based on Fast 
Fourier Transform (FFT) with Total Power (TP); Very Low Frequency 
(VLF: < 0.040 Hz); Low Frequency (LF: 0.04-0.15 Hz), mainly medi-
ated by the sympathetic system; and High Frequency (HF: 0.15-0.40 
Hz), mainly mediated by parasympathetic system. Power components 
were expressed in absolute units (ms2). The LF/HF ratio, considered as 
an index of cardiovascular sympathetic/parasympathetic tone balance, 
was also calculated.  

Cardiac Autonomic Reflex Tests (CARTs)

 The International Diabetes Foundation (IDF) has recommended 
the use of resting heart rate and heart rate response to provocation tests 
(lying/standing, Valsalva, deep breathing) in addition to lying/standing 
blood pressure difference for the diagnosis of CAN [4]. The ADA has 
recommended only orthostatic hypotension and resting tachycardia for 
the diagnosis of CAN [14]. We used orthostatic hypotension and two 
tests based on ECG to diagnose CAN. Each test was carried out ac-
cording to the standard procedure described by Ewing et al. [4] using a 
commercial ECG system (CANS, Chennai, India). The CARTs testing 
procedures are as follows:

ECG during deep breathing (E:I Ratio): R-R intervals during in-
halation and exhalation are calculated. The longest R-R interval is de-
termined during expiration (R-R max) and the shortest interval during 
inspiration (R-R min). The ratio of the longest to shortest R-R interval 
is called the E:I ratio. Normal values are > 1.21.

ECG to standing (30:15 Ratio): The shortest R-R interval is mea-
sured after standing, which is around the 15th beat. This is followed by 
bradycardia, which is indicated by the longest R-R interval around the 
30th beat. The ratio of the longest to shortest R-R interval is calculated, 
which is called 30:15 ratio. Normal values are > 1.03.

Blood pressure response to standing (Orthostatic Blood Pres-
sure Response): The postural fall in blood pressure is measured as the 
difference between the systolic blood pressure lying and standing. Nor-
mal fall for systolic blood pressure is < 20 mmHg.

Measurement of sweat function

SUDOSCAN is a patented device designed to perform a precise 
evaluation of sweat gland function based on an electrochemical reac-
tion between sweat chloride and nickel electrodes on which a low Di-
rect Current (DC) is applied and has been described previously [10-13]. 
It’s a dynamic method based on stimulation of sweat glands by the low-

level voltage, allowing evidence of sweat dysfuntion not detectable in 
physiological conditions.  The device consists of two sets of electrodes 
for the feet and hands which are connected to a computer for recording 
and data management. This is a non-invasive test and requires two min-
utes, during which four combinations of 15 different low DC voltages 
are applied. No subject preparation is required for this test. The subject 
places the palms of the hands and the soles of the feet on the electrodes. 
The device measures the Electrochemical Sweat Conductance (ESC) of 
the hands and feet (right and left sides) using the ratio of the current 
measured over the constant power applied, expressed in microSiemens 
(µS). A risk score for CAN is calculated from these conductances and 
additional biometric data (age and BMI): no risk (≤ 25), moderate risk 
(]25-50]) and high risk scores (> 50). These threshold values were is-
sued from previous clinical studies.  

Results for quantitative variables are shown as means ± SD. Log 
transformation was undertaken for outcome variables not normally 
distributed (RMSSD, TP, VLF, LF and HF). Quantitative variables were 
globally compared using a Student’s t test. Percentages were compared 
using a Fischer exact test. Analysis of variance (ANCOVA) and logis-
tic regression, adjusted for diabetes duration, Body Mass Index (BMI) 
and gender, have been performed to compare quantitative variables 
and percentages. As a rule, a p-value < 0.05 was regarded as statistically 

 Coefficient of correlation P- value
LF at moderate activity 0.47 < 0.001
HF at moderate activity 0.40 < 0.001
Total power at moderate 

activity 
0.38 < 0.001

CART, 30:15 ratio 0.36 < 0.001
VLF at moderate activity 0.34 < 0.001

LF at rest 0.34 < 0.001
Total power at rest 0.33 < 0.001

RMSSD at moderate activity 0.32 < 0.001
VLF at rest 0.30 < 0.001
SD at rest 0.28 < 0.001
HF at rest 0.27 < 0.001

RMSSD at rest 0.23 < 0.001

Table 1: Spearman’s rank correlation coefficient of SUDOSCAN risk score with 
HRV components and CARTs data.

Figure 1:Graphic representation of the diagnostic performance of SUDOSCAN 
risk score, by Receiver Operating Curve (ROC) analysis when choosing LF 
power component value during moderate activity < 90 ms2 (1st quartile) as ref-
erence value. With a risk score cut-off point of < 40% (optimal Youden index), 
sensitivity was 83%, specificity was 63% and the Youden index was 0.46
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significant. Spearman’s rank correlation coefficient was calculated. The 
data management and statistical analysis were done using SAS version 
9.3 and R version 2.13.1[14]. 

Results 
Table 1 gives the correlation between CAN risk score as assessed by 

SUDOSCAN and various HRV and CARTs parameters. As the high-
est correlation was observed with the LF component at moderate ac-
tivity (r = 0.47, p < 0.001), which reflects mainly sympathetic activity, 
patients were classified according to this parameter. Table 2 indicates 
main patient characteristics, main results for CARTs and main SUDO-
SCAN data according to LF component values during moderate activ-
ity. Patients are classified in values below the 1st quartile, in interquartile 
range, and higher than the 3rd quartile. As a significant difference was 
observed in gender, BMI, and diabetes duration, analysis was adjusted 
based on these 3 parameters. Table 3 indicates main patient character-
istics, main parameters of HRV, and main results of CARTs according 
to SUDOSCAN risk score, with patients classified using no risk (≤ 25), 
moderate risk (]25-50]) and high risk scores (> 50).  Figure provides 
graphic representation of the diagnostic performance of SUDOSCAN 
risk scores, analyzed by Receiver Operating Curve (ROC) analysis 
when choosing LF component value < 90 ms2 during moderate activity 
(1st quartile) as the reference value. When choosing a risk score cut-off 
point of 40% (optimal Youden index), sensitivity was 83%, specificity 
was 63% and the Youden index was 0.46.

No adverse events or discomfort during and after measurement 
were reported. 

Discussion 
This study shows that there is a good correlation between the risk 

score issued from the assessment of sweat function and HRV, especially 
the LF component at moderate activity and the 30:15 ratio of CART. 

CAN is a common chronic complication of diabetes with important 

clinical and prognostic relevance [3]. Autonomic innervation is the pri-
mary extrinsic control regulating HRV and cardiac performance. Clini-
cal symptoms of autonomic dysfunction may not appear until long after 
the onset of diabetes, and there is no widely accepted single approach 
for the diagnosis of CAN in diabetes [2]. However, subclinical CAN, 
manifested as changes in HRV, may be detected earlier. Additionally, 
HRV has been shown to be a strong, independent predictor of mortal-
ity after acute myocardial infarction [3]. Studies on HRV measurements 
are generally performed on 24-hour ECG recordings to get information 
regarding rest and activity periods, with time and frequency domain 
analysis performed to allow exploration of sympathetic and parasym-
pathetic components. However, these studies cannot be performed on a 
large scale. Recordings of patients over short periods either resting su-
pine or at various levels of activity improves the accuracy of the meth-
od, in particular the sympathetic component, which is increased during 
exercise while there is a withdrawal of parasympathetic activity [5].

The highest correlation of SUDOSCAN risk scores is observed with 
the LF power component during moderate activity, which is linked to 
the sympathetic component as well as sweat function. A lower corre-
lation was observed with the LF power component at rest, compared 
to moderate activity (0.36 vs 0.47). Quartiles were chosen as threshold 
values for classification based on LF power component as it is difficult 
to find reference values in literature especially for LF power compo-
nent during moderate activity. Similarly, a significant difference was 
observed for the LF power component during moderate activity when 
patients were classified according to SUDOSCAN risk score, while no 
significant difference was observed for LF at rest when adjusted based 
on BMI, diabetes duration, and gender. This could be explained by the 
fact that moderate activity increases sympathetic activity, and thus the 
LF power component [5]. 

CARTs have been proposed for the diagnosis of CAN, but they 
are very time consuming and consequently are not performed in daily 
practice [6,7]. In addition, one CART test is based on the Valsalva ma-
noeuvre and cannot be performed on some patients for safety reasons. 

 

All

LF at moderate activity

P-value P-value adjusted*

Below than 1st quartile Interquartile range Higher than 3rd 
quartile

< 90 ms² ]90-405] ms²  > 405 ms²
N 232 58 116 58   

Men participants 140 (60%) 25 (43%) 74 (64%) 41 (71%) 0.006 -
Diabetes duration (years) 9 ± 7 12 ± 7 9 ± 7 6 ± 6 < 0.001 -

BMI (kg/m2) 26 ± 4 28 ± 4 26 ± 3 25 ± 3 < 0.001 -
Age (years) 52 ± 9 56 ± 9 53 ± 8 48 ± 11 < 0.001 -
HbA1C  (%) 8.5 ± 1.8 9.3 ± 2.0 8.2 ± 1.6 8.2 ± 1.6 < 0.001 0.005

HR at rest (bpm) 78 ± 11 86 ± 10 76 ±10 72 ± 9 < 0.001 < 0.001
SBP (mmHg) 120 ± 16 128 ± 15 119 ± 16 114 ± 14 < 0.001 0.001
DBP (mmHg) 76 ± 8 79 ± 8 76 ± 9 74 ± 7 < 0.001 0.011

ESC hands (µS) 59 ± 20 55 ± 21 59 ± 19 61 ± 21 NS NS
ESC feet (µS) 59 ± 21 52 ± 24 59 ± 19 66 ± 19 0.002 0.054

SUDOSCAN risk score 37 ± 15 46 ± 13 37 ± 13 30 ± 13 < 0.001 < 0.001
Abnormal E:I ratio (<1.21) 46 (20%) 23 (40%) 20 (17%) 3 (5%) < 0.001 < 0.001

Abnormal 30:15 ratio 
(<1.03)

71 (31%) 33 (57%) 34 (29%) 4 (7%) < 0.001 < 0.001

Orthostatic hypotension 
(>20 mmHg)

17 (7%) 7 (12%) 8 (7%) 2 (3%) NS NS

Data are means ± SD
*P-value adjusted on gender, diabetes duration and BMI 

Table 2: Demographic and SUDOSCAN characteristics according to LF values at moderate activity.
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Thus, in order to have the same tests performed for all patients; this test 
was excluded from this study. 

Thin and unmyelinated small nervous fibers can be damaged very 
early in the development of diabetes, dependent upon length. Small fi-
ber neuropathy has been proposed as a marker of peripheral neuropathy 
in diabetes [8]. Since sweat glands are innervated by small sympathetic 
C-fibers, the assessment of sudomotor function has been suggested to 
assess peripheral autonomic neuropathy, especially in patients with 
diabetes [9]. The gold standard for sudomotor function assessment is 
QSART [9,15]. However, this method lacks a simple, quick, non-inva-
sive approach, which has not allowed for its use on a large scale. Lesions 
in the peripheral autonomic and cardiac autonomic nervous systems 
should theoretically progress in parallel. Itoh et al. observed a correla-
tion between orthostatic hypotension and sweat dysfunction as assessed 
by QSART, which is in the range of the correlation found in the present 
study between the 30:15 ratio and the SUDOSCAN risk score (r = 0.51, 
p = 0.001 and r = 0.36, p < 0.001 respectively) [16]. According to the 
results of this study (which must be confirmed in a larger population) 
SUDOSCAN-a simple, non-invasive, quick and quantitative method—
could be used as a screening test for cardiovascular autonomic neu-

ropathy before more specific, specialized, and time-consuming tests. It 
would allow for better management of patients with type 2 diabetes and 
help in avoiding the development and progression of life-threatening 
complications. 
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Table 3: Demographic, HRV and CARTs characteristics according to SUDOSCAN risk score values.
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