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Background: Screening for diabetic peripheral neuropathy (DPN) is important to prevent severe foot complication, but the de-
tection rate of DPN is unsatisfactory. We investigated whether SUDOSCAN combined with Michigan Neuropathy Screening In-
strument (MNSI) could be an effective tool for screening for DPN in people with type 2 diabetes mellitus (T2DM) in clinical 
practice.
Methods: We analysed the data for 144 people with T2DM without other cause of neuropathy. The presence of DPN was con-
firmed according to the Toronto Consensus criteria. Electrochemical skin conductance (ESC) of the feet was assessed using SU-
DOSCAN. We compared the discrimination power of following methods, MNSI only vs. SUDOSCAN only vs. MNSI plus SU-
DOSCAN vs. MNSI plus 10-g monofilament test.
Results: Confirmed DPN was detected in 27.8% of the participants. The optimal cut-off value of feet ESC to distinguish DPN was 
56 μS. We made the DPN screening scores using the corresponding odds ratios for MNSI-Questionnaire, MNSI-Physical Exami-
nation, SUDOSCAN, and 10-g monofilament test. For distinguishing the presence of DPN, the MNSI plus SUDOSCAN model 
showed higher areas under the receiver operating characteristic curve (AUC) than MNSI only model (0.717 vs. 0.638, P=0.011), 
and SUDOSCAN only model or MNSI plus 10-g monofilament test showed comparable AUC with MNSI only model.
Conclusion: The screening model for DPN that includes both MNSI and SUDOSCAN can detect DPN with acceptable discrimi-
nation power and it may be useful in Korean patients with T2DM.
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INTRODUCTION

Diabetic peripheral neuropathy (DPN) is an important micro-
vascular complication of diabetes and is prevalent in people 
with diabetes (28% to 50%) and even in those with prediabetes 
(11% to 49%) [1-3]. As in other microvascular complications 
such as retinopathy and nephropathy, DPN is likely to be as-
ymptomatic at first and then progress to the development of 
severe consequences. There is at present no disease-modifying 
therapy [4,5], and early detection and prevention are essential. 

According to a recent position statement by the American Dia-
betes Association on diabetic neuropathy, many screening 
modalities are dependent on the physician’s history taking and 
physical examination, such as the 10-g monofilament test [6]. 
A neurophysiological study is a confirmative test and is highly 
reproducible [7], and we diagnose confirmed DPN if the pa-
tient had symptom or sign of DPN with abnormality of the 
study [8]. However, neurophysiological study is rarely neces-
sary for DPN screening, and this type of study requires a spe-
cialist and it is time-consuming and difficult to standardise in 
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the busy outpatient clinical setting. In real clinical practice, we 
asked symptom of DPN, and performed physical examination 
for small- and large- fiber nerve function. In fact, primary phy-
sicians did not evaluate the presence of neuropathy in more 
than one-third of patients from their clinic [9]. In addition, no 
single test can detect the diverse clinical manifestations of 
DPN, which can be easily overlooked. For example, nerve con-
duction study (NCS) detects only large fiber neuropathy and 
skin biopsy is used for evaluation of small fiber nerve [10].

SUDOSCAN (Impeto Medical, Paris, France) is a non-inva-
sive and convenient tool for assessing the function of unmy-
elinated c-fibers innervating sweat glands [11]. This device 
measures electrochemical skin conductance (ESC), which has 
been shown to be related to DPN [11] and autonomic neurop-
athy [12]. SUDOSCAN was recently further validated by com-
parison with quantification of nerve fiber density of skin and 
sweat gland biopsy samples [13] and sudomotor function eval-
uated using a quantitative sudomotor axon reflex test [14]. It 
also showed high reproducibility [15,16]. Given that SUDO-
SCAN has been validated against various evaluation tools for 
identification of diabetic neuropathies and the ability to test 
small-fiber neuropathy, which usually precedes large-fiber 
neuropathy [17,18], we reasoned that this modality may be 
useful for screening for diabetic neuropathy in a clinical set-
ting. However, the clinical usefulness was not guaranteed when 
SUDOSCAN was used alone in screening DPN [19]. 

In this study, we tested the clinical effectiveness of screening 
modality for DPN using SUDOSCAN alone or in combination 
with the Michigan Neuropathy Screening Instrument (MNSI) 
compared to MNSI model in people with type 2 diabetes mel-
litus (T2DM).

METHODS

Participants 
We aimed to develop a new examination tool which can effec-
tively screen and predict DPN. The current study has explor-
atory nature to aim to discover the accurate score system for 
DPN including SUDOSCAN, and therefore we cannot calcu-
late accurate sample size. Previous studies including T2DM 
(n=47) and healthy control (n=16) [14], or including type 1 
diabetes mellitus (n=45) and healthy volunteers (n=25) [11] 
showed that feet ESC yielded the diagnostic accuracy of areas 
under the receiver operating characteristic curve (AUC) 0.705 
and 0.64, respectively. We only enrolled subjects with T2DM 

and did not include healthy control. In this circumstance, the 
difference of feet ESC levels between subjects with DPN and 
without DPN might be less profound than previous studies. In 
this study, we enrolled 235 subjects with T2DM from a single 
tertiary hospital and analysed the data for 144 of these patients 
from 2017 to 2019 in whom we can assess the presence of con-
firmed DPN according to the definition of Toronto Diabetic 
Neuropathy criteria [8]. We included subjects aged 20 to 79 
years and whose anti-hyperglycaemic medications had not 
changed in the past 3 months to exclude the possible effect of a 
change in medication on ESC. We also used the information 
contained in a comprehensive medical history taking and bio-
chemical study to exclude other cause of neuropathy such as 
thyroid dysfunction and vitamin B12 deficiency. Other key ex-
clusion criteria were renal dysfunction, estimated glomerular 
filtration rate (eGFR) of <60 mL/min/1.73 m2 to exclude ure-
mic neuropathy, pregnancy, or steroid use. When using SU-
DOSCAN, we also excluded patients who could not stand by 
themselves or who had active wounds on their hands or feet. 
This study was approved by the Institutional Review Board of 
Seoul National University Bundang Hospital (IRB Number: 
B-1611-372-305). All participants provided written informed 
consent before participation.

Clinical and laboratory evaluations 
After an overnight fast, the participants visited the endocrinol-
ogy outpatient clinic. Body weight and height were measured 
using electronic scales. Body mass index (BMI) was calculated 
by dividing body weight (kg) by height squared (m2) and is ex-
pressed as kg/m2. Smoking history was categorised as never, for-
mer, and current. Never smoking was defined as having smoked 
<100 cigarettes in a lifetime. Alcohol intake was evaluated ac-
cording to average daily alcohol consumption as follows: high 
(>30 g/day for men or >20 g/day for women), moderate (<30 
g/day for men or <20 g/day for women), and none. Positive 
physical activity was defined as exercising for >150 min/week. 
Fasting plasma glucose concentration, glycosylated hemoglo-
bin (HbA1c) level, blood lipid concentrations, and renal func-
tion test were measured at the central laboratory.

Assessment of DPN 
We diagnosed the confirmed DPN if NCS was abnormal with 
the presence of a symptom or a sign of neuropathy [8]. The 
NCS was performed at a Department of Rehabilitation Medi-
cine. A trained examiner performed the tests for median 
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nerve, ulnar nerve, peroneal nerve, sural nerve, and tibial 
nerve. Abnormalities of peroneal nerve velocity, amplitude, 
and distal latency, tibial compound muscle action potential, 
and sural amplitude were marked according to the reference 
values [20]. Abnormal NCS results were defined as more than 
one abnormal test in two separate nerves. The final diagnosis 
of DPN was confirmed by certified physicians who were not 
involved in this study. The MNSI-Questionnaire (MNSI-Q) 
was previously translated into Korean and Korean version was 
evaluated by the Neuropathy Study Group of the Korean Dia-
betes Association [21], and considered to be abnormal if MN-
SI-Q was 3 and higher [22]. A trained research nurse per-
formed the MNSI-Physical Examination (MNSI-PE). MNSI-
PE was consisted of an inspection of feet (appearance and ul-
ceration), ankle reflexes, and vibration sensation assessed by 
using a 128 Hz tuning fork. The maximum value was 8 for 
both feet and, we considered abnormal value if MNSI-PE was 
>2.0 [22,23]. A 10-g monofilament test (Semmes–Weinstein 
5.07 monofilaments) was performed at 10 sites on each foot 
and abnormal value was adopted from the previous Korean 
study (fewer than seven) [22]. All participants also underwent 
the SUDOSCAN test. They were instructed to place their 
palms and soles on the electrodes, and the ESC was measured 
automatically within 3 minutes. To reduce observer bias, the 
research nurse performed tests in the order of questionnaire, 
physical examination, and SUDOSCAN. The score was lastly 
calculated after SUDOSCAN.

Development of the DPN screening algorithm 
We classified the participants as having or not having DPN and 
compared the neuropathy examination results. For the SUDO-
SCAN data, the appropriate cut-off value for feet ESC was de-
termined first and used to categorise the participants. We creat-
ed a score for each parameter according to the odds ratio (OR).

Statistical analysis 
The data are presented as mean±standard deviation, median 
with interquartile range (IQR), or as number and percentage. 
Clinical and biochemical characteristics were compared be-
tween participants with and without DPN. Differences be-
tween two groups were identified using Student’s t-test for 
parametric variables, the Mann–Whitney U test for non-para-
metric variables, and the chi-square test for categorical vari-
ables. Spearman correlation analysis was conducted to assess 
the relationship between two continuous variables. The AUC 

was calculated to measure the predictive power. The cut-off 
values for feet ESC and a scoring model were determined us-
ing the maximum sum of sensitivity and specificity using the 
Youden index [24]. The association between parameters and 
the presence of DPN was assessed by logistic regression analy-
sis. To test discrimination power, we calculated AUC of our 
new model in total and in each gender group. We compared 
AUCs of each model using the method of DeLong et al. [25]. 
Statistical analysis was conducted using IBM SPSS Statistics for 
Windows version 22.0 (IBM Co., Armonk, NY, USA) and R 
version 3.6.1 software (R Foundation for Statistical Comput-
ing, Vienna, Austria). Two-sided P values <0.05 were consid-
ered to be significant.

RESULTS

The clinical and biochemical characteristics according to the 
presence of DPN are shown in Table 1. The prevalence of DPN 
was 27.8% and study flow chart is shown in Supplementary 
Fig. 1. More male subjects were diagnosed with DPN, and age 
and BMI were lower in DPN group than their counterpart. 
High density lipoprotein-cholesterol and eGFR were lower in 
participants with DPN than in those without DPN. There was 
no difference in HbA1c levels between groups, but more par-
ticipants with DPN were treated with insulin compared to 
those without DPN. The most frequently described medica-
tion for DPN was pregabalin, and there was no difference in 
frequency of medications for DPN between groups. Smoking, 
alcohol consumption, and physical activity status also did not 
differ significantly between groups. The MNSI-Q score but not 
MNSI-PE score was higher in participants with DPN than 
those without DPN. The median feet ESC was 51.5 μS (IQR, 
29.8 to 67.8) and 62.0 μS (IQR, 53.5 to 71.0) in participants 
with and without DPN, respectively (P=0.002). The feet ESC 
was negatively associated with MNSI-Q (rho=–0.223, P= 
0.007) and MNSI-PE (rho=–0.177, P=0.033).

The ability of the AUC based on feet ESC to distinguish 
DPN was 0.663 (95% confidence interval [CI], 0.556 to 0.771; 
P=0.002). The optimal cut-off value of feet ESC was 56 μS. 
Therefore, we used this cut-off value to categorise subjects ac-
cording to normal and abnormal feet ESC. The associations 
between various parameters and DPN in these groups are 
shown in Table 2. The ORs for MNSI-Q, MNSI-PE, 10-g 
monofilament test and feet ESC were 2.67 (95% CI, 1.26 to 
5.66), 1.75 (95% CI, 0.83 to 3.67), 4.95 (95% CI, 1.51 to 16.21), 
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Table 1. Clinical and biochemical characteristics according to the presence of DPN

Characteristic Total (n=144) DPN (–) (n=104) Confirmed DPN (+) (n=40) P value

Age, yr 59.4±8.9 60.4±8.8 57.1±8.9 0.046

Male sex 85 (59.0) 53 (51.0) 32 (80.0) 0.002

Height, cm 162.7±8.4 161.0±8.4 167.2±7.0 <0.001

Body weight, kg 67.5±11.5 67.1±10.7 68.7±13.4 0.458

BMI, kg/m2 25.4±3.5 25.8±3.3 24.4±3.7 0.027

SBP, mm Hg 131.1±13.2 129.9±13.1 134.0±13.2 0.099

DBP, mm Hg 75.0±9.5 74.5±9.4 76.3±9.8 0.293

Diabetes duration, yr 9.5 (6.0–17.0) 9.5 (6.0–17.0) 9.5 (4.5–18.3) 0.732

FPG, mg/dL 137 (116–156) 137 (116–157) 138 (109–154) 0.940

HbA1c, % 7.1 (6.6–7.7) 7.1 (6.6–7.5) 7.1 (6.6–8.1) 0.723

Cholesterol, mg/dL 150 (133–171) 152 (134–172) 145 (128–168) 0.168

Triglyceride, mg/dL 111 (86–160) 107 (86–155) 130 (79–183) 0.306

HDL-C, mg/dL 46.5 (40.0–55.0) 48 (41–57) 44 (36–51) 0.007

LDL-C, mg/dL 87.8±23.6 88.2±23.2 86.9±24.9 0.774

eGFR, mL/min/1.73 m2 96.6±22.2 99.0±21.9 90.4±21.9 0.037

Hypertension 81 (56.3) 37 (48.7) 17 (53.1) 0.833

Lipid-lowering drugs 109 (75.7) 56 (73.7) 23 (71.9) 0.999

Insulin 40 (27.8) 14 (18.4) 12 (37.5) 0.048

Metformin 134 (93.1) 68 (89.5) 31 (96.9) 0.276

Sulfonylurea 44 (30.6) 24 (31.6) 10 (31.3) 0.999

DPP-4 inhibitor 77 (53.5) 40 (52.6) 18 (56.3) 0.833

SGLT-2 inhibitor 22 (15.3) 8 (10.5) 2 (6.3) 0.720

Thiazolidinedione 19 (13.2) 8 (10.5) 3 (9.4) 0.999

Medications for DPN 

   Pregabalin 29 (20.1) 18 (17.3) 11 (27.5) 0.245

   Tricyclic antidepressant  3 (2.1) 3 (2.9) 0 0.560

   Duloxetine 4 (2.8) 3 (2.9) 1 (2.5) 0.999

   Alpha-lipoic acid 14 (9.7) 8 (7.7) 6 (15.0) 0.213

Smoking 0.856

   Never 67 (46.5) 35 (46.1) 13 (40.6)

   Former 49 (34.0) 27 (35.5) 12 (37.5)

   Current 28 (19.4) 14 (18.4) 7 (21.9)

Alcohol intake 0.495

   None 67 (46.5) 34 (44.7) 16 (50.0)

   Moderate 72 (50.0) 39 (51.3) 16 (50.0)

   High 5 (3.5) 3 (3.9) 0

Physically active 95 (66.0) 52 (68.4) 19 (59.4) 0.383

MNSI-PE score 2.3 (1.0–4.0) 2.0 (1.0–3.0) 3.0 (1.6–3.5) 0.117

MNSI-Q score 2 (1–4) 2 (1–4) 3 (2–5) 0.003

10-g monofilament (score) 9 (9–10) 10 (9–10) 9 (7–10) <0.001

Feet ESC, μS 61.0 (48.0–70.0) 62.0 (53.5–71.0) 51.5 (29.8–67.8) 0.002

Values are presented as mean±standard deviation, number (%), or median (interquartile range). The P values were derived from the Student t-test, Mann-Whit-
ney U test, or chi-square test.
DPN, diabetic peripheral neuropathy; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HbA1c, 
glycosylated hemoglobin; HDL-C, high density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol; eGFR, estimated glomerular filtration rate; 
DPP-4, dipeptidyl peptidase-4; SGLT-2, sodium glucose cotransporter‐2; MNSI-PE, Michigan Neuropathy Screening Instrument Physical Examination; MNSI-
Q, MNSI Questionnaire; ESC, electrochemical skin conductance.
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and 4.11 (95% CI, 1.91 to 8.86), respectively. We applied a 
score of 3 for MNSI-Q, 2 for MNSI-PE, 5 for 10-g monofila-
ment test, and 4 of feet ESC according to the ORs. 

When we compared the predictive power of the screening 
strategies, the MNSI plus SUDOSCAN score, which included 

the scores for MNSI-Q, MNSI-PE, and feet ESC, had better 
discrimination power than the MNSI-only model, which in-
cluded MNSI-Q and MNSI-PE (Table 3). However, MNSI plus 
10-g monofilament test did not improve the discrimination 
power compared to MNSI score. The diagnostic power of 
screening scores of MNSI plus SUDOSCAN model showed 
AUC of 0.717 with a sensitivity of 70.0% and 66.3% specificity 
at the cut-off value of 5 (Fig. 1). When we calculated AUC for 
our screening tool in men or women separately, the AUC value 
was 0.719 (95% CI, 0.601 to 0.838; P=0.001) in men and 0.836 
(95% CI, 0.730 to 0.941; P=0.002) in women.

DISCUSSION

We have tested the clinical effectiveness of SUDOSCAN for 
detecting DPN in adults with T2DM who were followed up in 
a tertiary academic hospital. Our screening model that in-
cludes the MNSI and SUDOSCAN showed acceptable dis-
crimination power and it showed superior screening power 
than MNSI only model. In contrast, 10-g monofilament test 
did not improve the discrimination power compared to MNSI 
alone. Therefore, SUDOSCAN plus MNSI might be acceptable 
to screen DPN in Korean patients with T2DM.

Small-fiber nerve dysfunction is believed to be the earliest 
sign of DPN [17], and tests for assessing the small-fiber neu-
ropathy can detect DPN with high sensitivity [26,27]. By con-
trast, even though a NCS can be used for screening for early 
stage DPN [28,29] it is controversial for the role of NCS in early 
stage detection [10]. SUDOSCAN is another tool for assessing 
small-fiber nerve function and its usefulness for the early de-
tection of DPN has been previously tested in combination with 
a point-of-care NCS [30]. However, the normal reference val-

Table 2. ORs and 95% CIs for the association between various 
parameters and diabetic peripheral neuropathy

Parameter OR (95% CI) P value Score

MNSI-Q score

   <3 Reference

   ≥3 2.67 (1.26–5.66) 0.011 3

MNSI-PE score

   ≤2 Reference

   >2 1.75 (0.83–3.67) 0.139 2

10-g Monofilament test score

   ≥7 Reference

   <7 4.95 (1.51–16.21) 0.008 5

Feet ESC, μS

   ≥56 Reference

   <56 4.11 (1.91–8.86) <0.001 4

OR, odds ratio; CI, confidence interval; MNSI-Q, Michigan Neuropa-
thy Screening Instrument Questionnaire; MNSI-PE, MNSI Physical 
Examination; ESC, electrochemical skin conductance.

Table 3. Area under the ROC curves for each model 

ROC 
area 95% CI P value

P compared 
to MNSI 
model

MNSI model 0.638 0.553–0.744 0.011 NA

SUDOSCAN model 0.668 0.585–0.744 0.002 0.609

MNSI+SUDOSCAN 
model

0.717 0.636–0.789 <0.001 0.020

MNSI+10-g MF model 0.674 0.591–0.750 0.001 0.278

ROC, receiver operating characteristic curve; CI, confidential inter-
val; MNSI, Michigan Neuropathy Screening Instrument; NA, not 
available; MF, monofilament.

Fig. 1. ROC curves showing the ability of Michigan Neuropa-
thy Screening Instrument (MNSI) (black solid line), SUDO-
SCAN (red dotted line), MNSI plus SUDOSCAN (red solid 
line), and MNSI plus 10-g monofilament (MF) test (grey solid 
line) to detect diabetic peripheral neuropathy. 
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ues for nerve conduction measures is strongly influenced by 
age [31], and this issue should not be ignored. In contrast to the 
point-of-care NCS, a standard NCS requires a trained examin-
er and long examination time [10]. Therefore, the need to use a 
neurophysiological study might limit the clinical feasibility. 

A position statement of the American Diabetes Association 
recommends an annual 10-g monofilament test [6]. The 10-g 
monofilament test is good for predicting foot ulceration and 
amputation, but it is not sensitive in the early detection of DPN 
[32]. Our analysis found that the MNSI plus SUDOSCAN was 
better for detecting DPN than the MNSI, but the MNSI plus 
10-g monofilament test did not improve the diagnostic power 
compared with the MNSI alone. SUDOSCAN can measure 
feet ESC within 3 minutes and needs no special preparation. 
Our findings suggest that the MNSI plus SUDOSCAN may be 
practical and accurate for detecting DPN in real clinical set-
tings, especially for running busy outpatient clinics without 
sufficient human resources. Prospective studies are needed to 
evaluate whether this newly developed scoring system using 
SUDOSCAN can predict foot ulceration or amputation.

In this study, we used own cut-off value of feet ESC from our 
study population and the accuracy for diagnosis of DPN was 
65.7%. Others suggested different cut-off values; Selvarajah et 
al. [11] suggested cut-off point of 77.0 µS in subjects with type 
1 diabetes mellitus, and Krieger et al. [14] suggested 80 µS in 
subjects with T2DM. These values were different from cut-off 
value of previously published data; >60 µS, no dysfunction; 60 
to 40 µS, moderate sudomotor dysfunction; and <40 µS, severe 
sudomotor dysfunction [12,15]. When we used the cut-off val-
ue of 60 µS, the AUC of our model was 0.638 (95% CI, 0.536 to 
0.739), which value was numerically lower than the model us-
ing cut-off value of 56 μS. In fact, ESC might be influenced by 
ethnicity [33]; therefore, it would be reasonable to use cut-off 
value of feet ESC according to ethnicity of population. 

The main limitation of our study is that NCS was performed 
in the subgroup of subjects. Some patients did not have enough 
time to check NCS, because we enrolled participants from out-
patient clinical setting. In addition, some of patients without 
neuropathic symptom were not willing to undergo NCS. In 
fact, the patients underwent NCS had higher scores of MNSI 
than those without the data of NCS (data not shown). There-
fore, there might be the possibility to include relatively high 
risk patients for DPN. In addition, we did not define DPN if 
the patient had normal nerve conduction regardless of the 
presence of neuropathic symptom. This is why there was no 

difference in the prescription rate of neuropathy medications 
between groups. For medications of DPN, tricyclic antidepres-
sants have anti-cholinergic effect, and we cannot exclude the 
effect of the usage of this medication on feet ESC level. In this 
study, we enrolled people with T2DM whose renal function 
was normal to exclude uremic neuropathy and who were re-
cruited only from a tertiary academic hospital. Furthermore, 
we tried to rule out the possible interference of newly treated 
anti-hyperglycaemic medications, even though there was a 
lack of data in the influence of anti-hyperglycaemic medica-
tions on ESC values. Therefore, we cannot generalise our find-
ings to all people with T2DM. Further study is needed to vali-
date our model and to evaluate the effect of medications on 
ESC values in a larger population.

Our findings suggest that SUDOSCAN combined with the 
MNSI can be used for screening of DPN. To combine these 
tools, the discrimination power for detecting DPN will be in-
creased compared to using MNSI solely. This strategy may be 
applicable in a real clinical setting and does not require a trained 
examiner. Further study is necessary to confirm whether our 
suggesting tool actually improves examination rate for DPN 
and could prevent severe foot complication.
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