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ABSTRACT
Aims/Introduction: There is still a lack of simple methods and instruments for the
early assessment of autonomic dysfunction in metabolic syndrome patients. Assessment
of sudomotor function has been proposed to explore autonomic function, and could be
used as an early biomarker for metabolic syndrome. In the present study, we use a quick
and non-invasive method to measure sudomotor function, and aimed to evaluate its effi-
cacy to identify metabolic syndrome in a Chinese population.
Materials and Methods: Information on the 1,160 Chinese participants involved in the
study, such as age, sex, blood pressure, waist circumference, body mass index, fasting
plasma glucose and lipid profile, and SUDOSCAN, was recorded. During the sudomotor
test, patients were asked to place their bare hands and feet on large electrodes. The test
took 2 min to carry out, was painless and no participant preparation was required.
Results: A total of 567 participants were diagnosed with metabolic syndrome. The
prevalence of metabolic syndrome correlated significantly with increasing SUDOSCAN car-
diac risk score (P for trend <0.0001). Furthermore, an increase in cardiac risk score value
was associated with an increase in the number of metabolic syndrome components (P
for trend <0.0001). Compared with the no-risk group (cardiac risk score <20), participants
in the high-risk group (cardiac risk score ≥30) had a 2.83-fold increased risk of prevalent
metabolic syndrome (P < 0.0001), and 1.51-fold increased risk (P = 0.01) after adjustments.
Conclusions: Autonomic dysfunction is correlated to components of metabolic
syndrome. The role of SUDOSCAN in the screening of at-risk populations for metabolic
syndrome has to be confirmed by further studies.

INTRODUCTION
The metabolic syndrome (MetS) is a complex of interrelated
risk factors for cardiovascular disease and diabetes. These fac-
tors include dysglycemia, raised blood pressure, elevated triglyc-
eride levels, low high-density lipoprotein cholesterol levels and
obesity (particularly central adiposity)1. MetS is becoming
increasingly common in China. Age standardized prevalence of
MetS in Chinese populations was 9.8% in men and 17.8% in
women in the year 20012. In urban residents, MetS prevalence
is higher because of drastic lifestyle changes after China’s rapid
economic growth in recent decades; it was 35.1% in men and
32.5% in women during the Shanghai Zhabei Health 2020 sur-
vey (2009–2010)3. Therefore, more researchers are paying
attention to MetS, and more studies on its mechanism are
being carried out. MetS is associated with sympathetic

activation4–6. A previous study found that MetS is a state of
peripheral sympathetic nerve hyperactivity7. Autonomic dys-
function, therefore, can be considered one of the most critical
pathogenic factors contributing to the development and pro-
gression of MetS8.
Autonomic dysfunction manifests as impaired sympathetic

and parasympathetic function, resulting in hypertension,
arrhythmia and sudomotor dysfunction. Examination of sudo-
motor function has been shown to be a highly sensitive detec-
tion method for small-fiber neuropathy and autonomic fiber
dysfunction9. Sudomotor function, therefore, could be used as
an indicator of metabolic syndrome, allow for early detection of
developing morbid autonomic abnormalities and result in
appropriate early interventions. However, assessment of auto-
nomic dysfunction until now has occurred late in its develop-
ment, and has been limited to specialized centers as a result of
the lack of simple, cost-effective and rapid instruments.Received 24 June 2015; revised 17 February 2016; accepted 22 March 2016
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In the present study, we use a quick and non-invasive
method to measure sudomotor function, and aim was to evalu-
ate its efficacy to identify MetS in a Chinese population.

METHODS
Ethics statement
The study protocol was approved by the ethics committee of
Beijing Hospital, and was carried out in accordance with the
principle of the Helsinki Declaration II. Written informed con-
sent was obtained from each participant before data collection.

Study population
A total of 1,160 participants took part in the study from Jan-
uary 2013 to March 2014. Among them, 1,078 had a SUDOS-
CAN test, and completed information about age, sex, blood
pressure, waist circumference, body mass index (BMI), fasting
plasma glucose and lipid profile.

Data collection
A questionnaire was administered to collect information on
health status, history of chronic diseases, medications and life-
style risk factors. The definition of smoker and drinker were
participants who smoked cigarettes or consumed alcohol regu-
larly in the past 6 months. Anthropometric measurements were
carried out by trained and certified clinical staff members using
standard protocols and automated electronic devices. Height
and weight were recorded to the nearest 0.1 cm and 0.1 kg
while participants were wearing light indoor clothing without
shoes. BMI was calculated as weight divided by height squared
(kg/m2).
Waist circumference was measured to the nearest 0.1 cm at

the midpoint between the lower margin of the least palpable
rib and the top of the iliac crest using a stretch-resistant tape
when standing with feet close together, arms at the side and
bodyweight evenly distributed. After at least 10 h of overnight
fasting, venous blood samples were collected for the measure-
ments of plasma glucose (automatic analyzer) and lipid profile.
Measurement of triglycerides (TG), total cholesterol, high-
density lipoprotein cholesterol (HDL-C) and low-density
lipoprotein cholesterol was carried out using an auto-analyzer
(automatic analyzer).

Definition of metabolic syndrome
The criteria for MetS were unified by a group of international
organizations in 2009 in a Joint Interim Statement1. MetS is
diagnosed by the presence of three or more of the following
abnormal factors: (i) Serum TG concentration of ≥1.7 mmol/L
or greater; (ii) HDL-C < 1.0 mmol/L in men or <1.3 mmol/L
in women; (iii) blood pressure of ≥130/85 mmHg; (iv) fasting
plasma glucose greater than 5.6 mmol/L or receiving drug
treatment for elevated glucose; and (v) waist circumference
≥85 cm in men and ≥80 cm in women. These adjusted waist
circumference cut-off points were recommended by the Joint
Interim Statement for the Chinese population. The definition of

diabetes followed the 1999 World Health Organization diagnos-
tic criteria.

Assessment of sudomotor function
SUDOSCAN (Impeto Medical, Paris, France) is a simple, non-
invasive device designed to measure sudomotor function based
on reverse iontophoresis and chronoamperometry. Four elec-
trodes are placed on areas with the greatest density of sweat
glands, namely the palms of the hands and the soles of the feet
(Figure 1). A DC current at an incremental voltage of less than
4 V is applied, extracting chloride ions from the sweat and
resulting in a current to the electrodes. The current produced is
proportional to the chloride concentration that reacted with the
electrodes, increasing with each increment of voltage applied. A
time/ampere curve is recorded for each deviation and the mean
value is estimated for each area. The electrochemical skin con-
ductance (ESC; measured in lS), expressed as a ratio of the
current generated and the constant DC stimulus, is calculated
for hands (left and right) and feet (left and right). Low ESC
indicates sudomotor function abnormality. In addition, an algo-
rithm that integrates ESC with age and BMI has been devel-
oped to produce a score estimating the individual’s current risk
of cardiac autonomic neuropathy (cardiac risk score). This risk
score has been validated in several clinical studies10–14.
During the test, the patient places his or her hands and feet

on the electrodes. The test takes 2 min to carry out, is painless
and requires no participant preparation.

Figure 1 | SUDOSCAN device with hand and foot electrodes. A typical
presentation of results after the test is shown on the screen.
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Statistical analysis
Statistical analysis was carried out using SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA). For descriptive analysis, contin-
uous variables were expressed as mean – standard deviation,
and categorical variables were expressed as percentages. Differ-
ences among groups of cardiac risk score were tested by one-
way ANOVA for continuous variables and by v2-test for categori-
cal variables. To evaluate the associations between SUDOSCAN
value and demographic and clinical characteristics, we carried
out Pearson’s correlation coefficients and multivariate linear
regression models. Unadjusted and multivariate adjusted logistic
regression models were used to assess the relationship between
MetS and values of cardiac risk score and conductance. In
model 1, no covariate was adjusted; model 2 was adjusted for
sex and age (only for the conductance), and model 3 was fur-
ther adjusted for current smoking and drinking. Odds ratios
(OR) and the corresponding 95% confidence intervals (95% CI)
were calculated for an increase of each risk level. A two-sided
P-value <0.05 was considered significant.

RESULTS
Patient demographics and clinical characteristics of the total
population are shown in Table 1. Among the 1,078 patients
who had complete clinical information regarding MetS and
SUDOSCAN, 567 had metabolic syndrome according to the
specified criteria. In Table 2, patients are classified according to
their cardiac risk score (no risk <19, moderate risk 20–29, high
risk ≥30). The prevalence of MetS increased with the cardiac

risk score level, with 42% for cardiac risk score 0–19, 60% for
risk score 20–39 and 68% for risk score ≥30 (Figure 2). Pear-
son’s correlation and linear regression analysis, adjusted for sex,
showed that BMI, waist circumference, systolic blood pressure,
diastolic blood pressure, TG, total cholesterol, low-density
lipoprotein cholesterol, HDL-C, fasting plasma glucose, 2-h post
prandial glucose and glycated hemoglobin and feet conductance
(feet ESC) were significantly correlated with cardiac risk score
value (Table 3). Compared with the group classified as no risk
according to cardiac risk score, univariate logistic regression
analysis showed that participants in the moderate-risk group
and the high-risk group, respectively, had a significant correla-
tion with increased odds of the prevalence of MetS and each of
its components, except HDL-C (Table 4). However, only MetS
and fasting plasma glucose remained significantly correlated
after adjusting for sex, BMI, current smoking and current
drinking. As shown in Figure 3, the cardiac risk score increased
with the number of MetS components (P for trend <0.0001).
Patients having feet ESC lower than 70 lS have an OR of

1.5 (P = 0.01) to have HDL-C concentration of <1.0 mmol/L
in men or <1.3 mmol/L in women, as compared with patients
with feet ESC >70 lS. After adjustment for sex, BMI, current
smoking and drinking status, it was 1.4 (P = 0.03). Patients
with waist circumference ≥94.4 cm and TG ≥2.59 mmol/L had
an OR of 3.4 (P = 0.007) and 4.7 (P = 0.0003), respectively, for
having feet and hand ESC lower than 70 lS when compared
with patients with waist circumference <81.8 cm and TG
<1.15 mmol/L. Patients with waist circumference ≥80 cm for
women and ≥85 cm for men, and TG ≥1.7 mmol/L had an
OR of 2.1 (P = 0.02) for having feet ESC lower than 70 lS
when compared with other patients.

DISCUSSION
In the present study, we found that: (i) prevalence of MetS
increased with the cardiac risk score level (P for trend
<0.0001); (ii) cardiac risk score value was associated with an
increase in the number of MetS components (P for trend
<0.0001); (iii) compared with the no-risk group (cardiac risk
score <20), participants in the high-risk group (cardiac risk
score ≥30) had a 2.83-fold increased risk of prevalent MetS
(P < 0.0001) and 1.51-fold (P = 0.01) after adjustment. Hands
and feet ESC, direct quantitative measures of sudomotor func-
tion, were significantly correlated to components of MetS, but
their predictive power for MetS requires further study.
MetS is highly prevalent in China. Diabetes, which in 2010

already affected 11.6% of the Chinese adult population15, is an
important component of MetS, and a growing medical epi-
demic. Detection and diagnosis of MetS in the early stage will
definitely extend people’s life expectancy, and decrease the
burden of the government. The sympathetic nervous system
plays a central role in the body’s metabolic balance16,17, and
regulates sweat gland function. An early marker of small fiber
neuropathy is the abnormal sudomotor response in people
who have sympathetic dysfunction18. Autonomic status,

Table 1 | Characteristics of the study population

Whole population

n 1,160
Age (years) 46.6 – 8.7
Male, n (%) 816 (70.3)
BMI (kg/m²) 25.4 – 3.4
Waist circumference (cm) 88.0 – 9.5
SBP (mmHg) 129.5 – 17.0
DBP (mmHg) 81.1 – 11.7
TG (mmol/L) 2.3 – 2.3
Total cholesterol (mmol/L) 5.2 – 1.0
HDL-C (mmol/L) 1.3 – 0.5
LDL-C (mmol/L) 2.8 – 0.7
FPG (mmol/L) 5.8 – 1.5
2-h postprandial glucose (mmol/L) 7.9 – 3.7
HbA1c (%) 5.8 – 0.9
Hands conductance (lS) 73.9 – 14.4
Feet conductance (lS) 73.3 – 13.4
Cardiac risk score 19.6 – 9.6
Current smoking, n (%) 355 (30.6)
Current drinking, n (%) 573 (49.4)

BMI, body mass index; DBP, diastolic blood pressure; FPG, fasting
plasma glucose; HbA1c, glycated hemoglobin; HDL-C, high-density
lipoprotein cholesterol; LDL-C, high-density lipoprotein cholesterol; SBP,
systolic blood pressure; TG, triglyceride.
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therefore, can be assessed by sudomotor function testing19,
which can also be an efficient screening tool for autonomic-
related diseases20. Evaluating sudomotor dysfunction can be
easily done using SUDOSCAN, and has been validated by
many clinical studies in prediabetes and diabetes. A clinical

study carried out by Casellini et al.10 showed that the
SUDOSCAN test had a sensitivity of 78% and specificity of
92% for assessing peripheral neuropathy in people with dia-
betes. Similarly, Osaki et al.21 found that in Chinese people,
this test has a good performance in the detection of diabetic
kidney disease, with a sensitivity and specificity of 94% and
78%, respectively.

Table 2 | Characteristics of the study population classified according to the cardiac risk score

Cardiac risk score

0–19 20–29 ≥30 P-value

n 567 428 165
Age (years) 41.3 – 6.3 49.7 – 6.3 56.7 – 8.0 <0.0001
Male, n (%) 403 (71.1) 305 (71.3) 108 (65.5) 0.3313
BMI (kg/m²) 24.2 – 2.8 26.0 – 3.0 27.9 – 4.5 <0.0001
Waist circumference (cm) 85.3 – 9.0 89.9 – 9.1 92.3 – 9.6 <0.0001
SBP (mmHg) 126.3 – 15.4 131.3 – 17.7 135.6 – 18.2 <0.0001
DBP (mmHg) 80.0 – 11.9 82.2 – 11.1 82.3 – 12.1 0.003
TG (mmol/L) 2.1 – 2.2 2.4 – 2.4 2.5 – 2.3 0.0004
Total cholesterol (mmol/L) 5.1 – 0.9 5.3 – 1.0 5.4 – 1.1 0.0008
HDL-C (mmol/L) 1.3 – 0.3 1.3 – 0.6 1.3 – 0.8 0.2367
LDL-C (mmol/L) 2.7 – 0.7 2.8 – 0.7 2.9 – 0.8 0.0186
FPG (mmol/L) 5.7 – 1.6 5.8 – 1.4 5.9 – 1.3 <0.0001
2-h postprandial glucose (mmol/L) 7.4 – 3.7 8.3 – 3.4 8.9 – 3.9 <0.0001
HbA1c (%) 5.7 – 1.1 5.8 – 0.9 5.8 – 0.7 <0.0001
Current smoking, n (%) 171 (30.2) 140 (32.7) 44 (26.8) 0.3595
Current drinking, n (%) 292 (51.5) 218 (50.9) 63 (38.4) 0.0095
Hands conductance (lS) 77.5 – 12.5 72.1 – 14.5 66.3 – 16.5 <0.0001
Feet conductance (lS) 78.1 – 10.1 70.6 – 13.0 63.2 – 16.6 <0.0001

Data are mean – standard deviation for continuous variables and n (%) for categorical variables. P-values were for ANOVA or v² analysis across the
three groups. BMI, body mass index; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HbA1c, glycated hemoglobin; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low- density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides.
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Figure 2 | Prevalence of metabolic syndrome in different risk levels of
the cardiac risk score. 0–19, n = 567; 20–29, n = 428; ≥30, n = 165.

Table 3 | Pearson’s correlation and multiple regression analysis of risk
factors associated with cardiac risk score value

r P-value b P-value

BMI (kg/m²) 0.44236 <0.0001 1.34187 <0.0001
Waist circumference (cm) 0.32425 <0.0001 0.41899 <0.0001
SBP (mmHg) 0.23887 <0.0001 0.13878 <0.0001
DBP (mmHg) 0.12201 <0.0001 0.11235 <0.0001
TG (mmol/L) 0.0665 0.0283 0.31211 0.014
TC (mmol/L) 0.12315 <0.0001 1.16985 <0.0001
HDL-C (mmol/L) –0.00208 0.9455 –0.24709 0.6573
LDL-C (mmol/L) 0.09604 0.0015 1.29214 0.0012
FPG (mmol/L) 0.09575 0.0016 0.63985 0.0008
2-h postprandial glucose 0.1779 <0.0001 0.46758 <0.0001
HBA1c (%) 0.09069 0.0144 0.93755 0.0116
Feet conductance (lS) –0.44196 <0.0001 –0.32031 <0.0001

Multiple regression analysis adjusted for sex. BMI, body mass index;
DBP, diastolic blood pressure; FPG, fasting plasma glucose; HDL-C, high
density lipoprotein cholesterol; LDL-C, low density lipoprotein choles-
terol; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides.
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Early detection of complications associated with MetS is
important, yet simple and sensitive techniques have been lack-
ing. However, technological advances in autonomic function
testing – and in particular sudomotor tests – are now allowing

for precise evaluation at subclinical stages. Knowing the associa-
tion between dysautonomia and MetS, these new techniques
might become an innovative method for detecting and ascer-
taining the risk of MetS.
The SUDOSCAN test appears to have a number of advan-

tages in the assessment of sudomotor function and its related
metabolic disorders: (i) the test is practically automated, with
an initial self-calibration; (ii) the test is painless and non-inva-
sive; (iii) results are available immediately after the 2 min of
testing; and (iv) neither special preparation of the participants
nor medical training for the operator is necessary. There is no
recognized gold standard sudomotor function test today against
which to assess new technologies. Quantitative Sudomotor
Axon Reflex Test is one of the most common tests for assess-
ing autonomic nervous system disorders, peripheral neu-
ropathies and certain pain syndromes. However, the test is
lengthy and requires a highly skilled technician, limiting its
application in large-scale epidemiological studies or routine
therapeutic monitoring22. Comparatively, the SUDOSCAN test
is perfectly suited for general practitioners, pharmacists and
neurologists for routine application. In addition, quantitative
results obtained by SUDOSCAN can be used for the follow up
of patients involved in prevention programs. Raisanen et al.14

showed that participants with low fitness levels had improve-
ment of their cardiac risk score after 12 months of lifestyle
intervention. This improvement was significantly higher in

Table 4 | Odds ratio of having metabolic syndrome or abnormal values for the components of metabolic syndrome according to the cardiac risk
score

Cardiac risk score
(0–19)

Cardiac risk score (20–29) Cardiac risk score (≥30) P for trend

Metabolic syndrome Model 1 1 2.07 (1.59–2.69) 2.83 (1.93–4.15) <0.0001
Model 2 1 1.48 (1.11–1.99) 1.50 (0.97–2.32) 0.0117
Model 3 1 1.47 (1.09–1.96) 1.51 (0.98–2.34) 0.0124

Waist circumference (cm) Model 1 1 2.59 (1.91–3.52) 4.29 (2.57–7.15) <0.0001
Model 2 1 1.43 (0.98–2.09) 1.34 (0.72–2.50) 0.1
Model 3 1 1.38 (0.94–2.02) 1.32 (0.70–2.47) 0.1384

HDL-C (mmol/L) Model 1 1 1.07 (0.79–1.46) 1.45 (0.97–2.17) 0.1015
Model 2 1 0.91 (0.66–1.26) 1.00 (0.64–1.57) 0.8594
Model 3 1 0.91 (0.66–1.25) 0.98 (0.63–1.54) 0.7903

FPG (mmol/L) Model 1 1 1.76 (1.35–2.29) 1.98 (1.37–2.85) <0.0001
Model 2 1 1.57 (1.18–2.07) 1.62 (1.08–2.43) 0.0024
Model 3 1 1.57 (1.18–2.07) 1.64 (1.10–2.46) 0.0021

Triglycerides (mmol/L) Model 1 1 1.35 (1.04–1.75) 1.56 (1.08–2.24) 0.0048
Model 2 1 1.01 (0.76–1.34) 0.93 (0.61–1.40) 0.7936
Model 3 1 0.98 (0.74–1.31) 0.93 (0.61–1.41) 0.7453

Hypertension (mmHg) Model 1 1 1.39 (1.07–1.81) 1.94 (1.31–2.86) 0.0002
Model 2 1 1.18 (0.89–1.57) 1.49 (0.97–2.28) 0.0581
Model 3 1 1.18 (0.89–1.56) 1.51 (0.98–2.32) 0.0524

Data are odds ratios (95% confidence interval) compared with cardiac risk score (0–19) group. Participants with abnormal values for Waist circumfer-
ence, high-density lipoprotein cholesterol (HDL-C), fasting plasma glucose (FPG), triglycerides and hypertension (as defined in the metabolic syn-
drome) are defined as 0, and with normal values as 1. Participants without metabolic syndrome are defined as 0 and with metabolic syndrome as
1. Model 1 is unadjusted. Model 2 is adjusted for sex and body mass index. Model 3 is adjusted for sex, body mass index, current smoking and
current drinking.
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Figure 3 | Cardiac risk score value in different numbers of metabolic
syndrome components. 0, n = 91; 1, n = 177; 2, n = 243; ≥3, n = 567.
Values are mean – standard deviation.
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participants with the highest weekly activity as documented by
pedometer, whereas no significant change was observed for
weight and waist circumference.
There were several limitations to the present study. First, pre-

dicting MetS using an autonomic test, such as SUDOSCAN,
alone might be relatively less sensitive and accurate compared
with the clinical definition of MetS, which requires a number of
abnormalities to be present. However, assessing MetS using mul-
tiple anthropometric measurements and a fasting blood test is
invasive and time-consuming, whereas a 2-min SUDOSCAN
test is rapid and convenient when needing to screen and moni-
tor large populations at high risk for MetS. Second, the conve-
nience and accuracy of SUDOSCAN make it highly suitable for
screening rather than diagnosis; therefore, SUDOSCAN test
results should be interpreted along with other factors, such as
blood pressure, lipid profiles and BMI, for a proper evaluation
of the individual’s MetS risk. Third, the study was limited to an
older Chinese population (age 40 years and older); additional
studies will be required to evaluate the performance of the
SUDOSCAN test in participants of different ages and races.
Fourth, the thresholds for cardiac risk score and conductances
(ESC) computed by the SUDOSCAN device will need to be vali-
dated for MetS assessment in larger populations. Finally, mea-
suring the predictive power of autonomic function tests for
MetS will require additional and specifically longitudinal studies.
In conclusion, sudomotor dysfunction as assessed using

SUDOSCAN was found to be linked to components of MetS,
but its place in the screening of at-risk populations for MetS
has to be confirmed by further studies.
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