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Abstract

Electrochemical skin conductance (ESC) has been suggested as a noninvasive diabetic screening tool. We examined the
relevance of ESC method for screening type 2 diabetes. A meal tolerance test (MTT) was conducted for 40 diabetic and 42
control subjects stratified by age, sex and body mass index (BMI). The glucose levels and ESC were measured before the
MTT and every 30 min after meal intake up to 120 min. There was no correlation between the blood glucose level and ESC
(r=0.249) or ESC variability (ESCV) (r=-0.173). ESC (ESCV) was higher (lower) in diabetic patients than in normal
control (p =0.02 for ESC and p=0.06 for ESCV). Receiver operating characteristic analysis showed that the area under the
curve (AUC) values of the ESC and ESCV were 0.654 and 0.691, respectively. The novel variable, ESCV, showed 5.7%
higher AUC than ESC. Contrary to some previous reports, ESC values in diabetic patients was higher than in age, sex and
BMI matched control group. In our study, ESC or ESCV showed a marginal accuracy to be used as a screening tool for

diabetes mellitus.
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1 Introduction

According to the National Health Insurance Corpora-
tion data released by the Ministry of Health and Wel-
fare of Korea in 2016, the incidence of diabetes in Korea
increased by 25% from approximately 2 million to 2.5
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million between 2010 and 2015. Globally, it has increased
four times between 1980 and 2014, reaching 422 million
people, accounting for approximately 8.5% of the world’s
population [1]. Signs of early diabetes mellitus are not
well documented, and early detection is difficult because
the rate of progression is significantly slower than that in
most diseases. Diabetes is also associated with neuropathy,
vascular injury and various complications [2—4]. Because

Sangsoo Park
pssna007 @dju.kr

Department of Electrical, Electronics and Control
Engineering and Research Center for Applied Human
Sciences, Hankyong National University, Anseong,
South Korea

Future Medicine Division, Korea Institute of Oriental
Medicine, Daejeon, South Korea

Daejeon Oriental Hospital of Daejeon University, Daejeon,
South Korea

University of Science and Technology, Daejeon, South Korea

@ Springer


http://orcid.org/0000-0003-0408-5569
http://crossmark.crossref.org/dialog/?doi=10.1007/s13534-019-00111-1&domain=pdf

268

Biomedical Engineering Letters (2019) 9:267-274

diabetes is irreversible and requires continuous blood glu-
cose management, continuous blood glucose monitoring is
essential for the health maintenance of diabetic patients.
Blood glucose monitoring is commonly practiced by inva-
sive blood sampling, which can be both uncomfortable
and unsanitary. Recently, various non-invasive blood glu-
cose monitoring methods have been proposed to overcome
the disadvantages of conventional blood glucose moni-
toring [5]. The techniques used for the measurement of
non-invasive blood glucose include reverse iontophoresis,
bioimpedance spectroscopy, heat irradiation spectroscopy,
absorption spectroscopy, photoacoustic spectroscopy,
Raman spectroscopy, ultrasound, electromagnetic meas-
urement, temperature control local reflection, and optical
coherence tomography.

Recently, electrochemical skin conductance (ESC) has
been used as a noninvasive diabetic screening tool [6] to
measure the concentration of ions released from sweat
glands by applying a voltage to the skin and measuring
the change in electrical conductivity. ESC is based on
reverse iontophoresis and electrochemistry. For example,
when an applied voltage is gradually increased by attach-
ing an electrode to a peripheral limb with high sweat gland
density (e.g., a hand or a foot), a voltage value at which a
current begins to flow can be measured to determine the
concentration of the discharged ions. Here, the concentra-
tion of the discharged ions through the voltage application
is related to the degree of activity of the sweat glands [7,
8]. As diabetes progresses, degeneration of the peripheral
nerve fibers reduces the nerve distribution of the exocrine
glands and eventually leads to diminished gland function
[9, 10]. Therefore, ESC has the potential to be used as a
non-invasive tool to screen diabetes mellitus and its pro-
gression [6].

Attempts to verify the association between ESC and dia-
betes mellitus have been reported in recent publications. In
particular, ESC classifies patients with diabetic neuropa-
thy as relatively high performance (AUC 0.7) [11]. How-
ever, some studies [9, 12—-18] have limited clinical validity
because they did not adequately account for confounding
effects such as age, gender or obesity. In addition, many
studies have focused on patients with diabetes-related com-
plications such as heart disease and neuropathy.

In this study, ESC measurements were performed on
patients with type 2 diabetes without regard to the specific
complications associated with diabetes mellitus in order to
test the validity of ESC experimentally. For this purpose, we
emphasize that we selected the control group through strati-
fied sampling considering the demographic information of
diabetic patients. We proposed a novel approach using ESC
as a non-invasive method of testing the diabetes mellitus. A
protocol was developed and experimentally tested to verify
this method.
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2 Methods
2.1 Study design and participants

A clinical study was conducted from June 2016 to Febru-
ary 2017, with the approval of the Institutional Review
Board at Dunsan Korean Medicine Hospital of Daejeon
University (IRB number: DJDSKH-16-BM-04), and was
registered with the Clinical Research Information Ser-
vice (registration number: KCT0002132). Subjects with
hypertension (SBP(Systolic blood pressure) is greater
than 160 mmHg or DBP(Diastolic blood pressure) greater
than 90 mmHg), hypothyroidism, severe renal disease,
liver dysfunction, cardiovascular disease, thyroid disease,
pacemaker, hypersensitivity to electronic devices, anemia
and physical handicaps were excluded. Pregnant or lactat-
ing women, or those with taking contraceptives were also
excluded.

Diabetic patients were defined as those with mild and
moderate diabetes mellitus regardless of type of diabetes,
fasting blood glucose (FPG) levels greater than 126 mg/
dl, or glycated hemoglobin (HbA1c) greater than or equal
to 48 mmol/mol (6.5%). Patients whose FPG level was
higher than 250 mg/dl or HbA1c concentration higher than
69.4 mmol/mol (8.5%) were excluded due to the risk. For
the patient group, concomitant medications related to
regulating blood glucose were allowed during the study.
Controls were defined those with no history of diabetes,
FPG levels < 100 mg/dl and HbAlc levels <42 mmol/mol
(6%). The FPG and HbAlc concentrations were measured
from blood plasma using standardized laboratory meth-
ods. All participants were informed about the purpose and
method of the study and agreed to participate in the study
with written informed consent.

Based on the results of the 2010 Population and Hous-
ing Census [19] and 2014 National Health and Nutrition
Examination [19] released by the Korea Statistical Office
for sampling, the data was collected according to sex, age
group (40 s, 50 s, and 60 years old and older), and body
mass index (BMI) (less than 25 and more than 25) and
were used as stratification variables; sample allocation
based on Neyman’s method was performed for a total of
12 layers.

2.2 Measurements

We established a standard meal tolerance test (MTT) pro-
tocol to investigate the influence of diabetes mellitus on
ESC at the stage of fasting and blood glucose modula-
tion (Fig. 1). As shown in Fig. 1, a basic questionnaire,
measurement of physical information, and Privacy Policy
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Visit 1 Demography, Questionnaire,
. Vital sign-BP, height, weight, temperature, etc.
Screening Lab. Test-blood, WHR, etc

[ Visit 2 ] [ Plasma glucose, Sudoscan ]

Measurement !
Restin, Meal 120
R CAEAFAIAAER

Fig.1 Outline of the study protocol. Participants visited twice.
The questionnaire and measurement of physical information were
obtained at the first visit, and physiological data such as temperature,
glucose level, and Sudoscan measurement were obtained at the sec-
ond visit

Agreement were conducted at the first visit (Visit 1). A
second visit (Visit 2) was arranged within 1 week for the
eligible subjects. Glucose and ESC were measured accord-
ing to the MTT protocol.

At Visit 2, after 8 h of fasting, vital signs such as body
temperature and blood pressure were measured, and blood
was collected from the vein. ESC was measured on both
hands and feet using a Sudoscan device (Impeto Medical,
Paris, France) [20]. SUDOSCAN is a device capable of
measuring galvanic skin responses as shown in Table 1.
Sudoscan is a quick, non-invasive device for the assessment
of sudomotor function through evaluation of sweat gland
secretory function as an early reflection of sympathetic
nerve impairment [21]. Measurement is based on an elec-
trochemical reaction between electrodes and chloride ions,
after stimulation of sweat glands by a low-voltage current.
A measurement of conductance for the hands and feet is
generated from the derivative current associated with the
applied voltage [11].

The electrodes of the Sudoscan were kept clean by remov-
ing dust at every measurement, as shown in Fig. 2. Each
Sudoscan measurement lasted approximately 5 min. After
the fasting period, the subjects were given a pre-prepared
amount of food: bread and juice containing a calorie equiva-
lent to that of 75 grams of glucose. Blood sampling and ESC
measurement by Sudoscan were performed at 30, 60, 90 and
120 min after the food intake. At each measurement point,

Table 1 The specification of Sudoscan

Value
Sampling frequency 100 Hz
Resolution 1 nanoSiemens
Precision +1%
Measurement voltage 14V DC

Frequency 0 Hz (DC current)

Number of electrodes each two electrodes
for foot and
hands

Fig.2 Measuring ESC using a Sudoscan device. The subject puts his/
her hands and feet on the electrodes

the blood glucose levels were monitored not to exceed the
risk level using a portable glucose monitoring device (John-
son & Johnson, New Jersey, USA).

For classification of diabetic patients, we used fast-
ing-state ESC (ESC,), as well as ESC values at 30 min
(ESCj5p), 60 min (ESCyp), 90 min (ESCy), and 120 min
(ESC,,,) after the meal intake. In addition, we defined
ESC variability (ESCV) in Eq. (1) in order to reduce the
individual difference and used it for the analysis with the
assumption that the electrophysiological changes due to
the MTT would be different between the diabetic patients
and control group.

ESCV = max(ESC,, ESCsj, ESCq). ESCyy, ESC,y)
— min(ESC,, ESC, ESCy, ESCyy, ESC )
()

ESCV represents the difference between the maximum
and minimum of the ESC values measured five times
within 2 h according to the MTT protocol. We obtained
ESCVs at the hands (ESCV,, 4) and feet (ESCVy,,,,) by
Eq. (1) and further calculated their average (ESCV,,,) by
ESCV,y = (ESCVynas + ESCV i )/2.

2.3 Statistical analyses

The statistical significance for all analyses was set to
a = 0.05 (95%). Continuous and categorical variables
were summarized by their mean and standard deviation
(SD) and frequency and percentage, respectively. Inde-
pendent two-sample 7 test was performed for each variable
to investigate the difference between the diabetic patient
and control group. We calculated the area under the curve
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(AUC) of the receiver operating characteristic (ROC)
curve to assess the discriminant performance for ESC
measures based on linear predictors derived from logistic
regression through tenfold cross validation. In addition,
the relationship between the duration of diabetes and ESC
measurement was assessed by one-way analysis of vari-
ance (ANOVA).

[ ENROLLMENT

Assessed for eligibility (n=102)

Excluded (n=10)

- Not meeting inclusion criteria (n=6)
- Declined to participate (n=2)

- Other reasons (n=2)

Control group (n=43)

- Newly diagnosed cases in controls (n=8)
Received all genereal investigations and meal
tolerance test (n=43)

Diabetic patients

Diabetic patient group (n=41)

Received all general investigations and meal
tolerance test (n=41)

l Follow-Up l

Lost to follow-up (n=1) Lost to follow-up (n=1)
- Fail to obtain data from devices (n=1) - Fail to obtain data from devices (n=1)
Visit date deviation (n=1) Visit date deviation (n=5)

[ e ) |

Analyzed Sudoscan (n=42)

| | Analyzed Sudoscan (n=40)

Fig.3 Flow diagram of the study

3 Results
3.1 Patient enrolment and classification

As shown in Fig. 3, 46 diabetic patients and 46 healthy
controls were recruited for the study. In clinical trials, one
patient dropped out of each group due to missing measure-
ment data. In the data review process after the completion
of the clinical trial, eight patients were found to be classified
differently from the HbA 1¢ standard of the clinical trial plan
and were excluded from the analysis. Finally, we analyzed
the results of 82 patients, including 40 diabetic patients (23
men and 17 women) and 42 control subjects (24 men and
18 women).

The mean ages of diabetic patients (n=40) and con-
trol group patients (n=42) were 61.4 +8.6 years and
61.4 + 8.6 years, respectively. There were no significant dif-
ferences in the age, height, weight, BMI, waist circumfer-
ence, hip circumference, systolic blood pressure, diastolic
blood pressure, pulse, and body temperature of the patients
and controls. As shown in Table 2, the ratio of the waist
circumference to hip circumference (WHR), glycated hemo-
globin, and fasting blood glucose showed a significant differ-
ence between the patient group and the control group. The
glycemic hemoglobin was 6.7 +£0.8% in the patient group
and 5.6 +0.4% in the control group. The fasting blood glu-
cose level was 133.7+30.4 mg/dL and 101.7 +9.3 mg/dL,

Table 2 Baseline characteristics

X . Variables Diabetes patients Controls (n=42) P value
of diabetes patients and controls (n=40)
Sex
Male 23 (57.5%) 24 (57.1%)
Female 17 (42.5%) 18 (42.9%)
Age (year) 61.4+8.6 582+88 0.096
Anthropometrics
Height (cm) 161.0+10.6 161.4+8.8 0.828
Weight (kg) 65.5+10.6 64.1+12.3 0.572
Body mass index (kg/m?) 253+3.2 244+3.4 0.258
Waist circumference (cm) 89.8+8.5 86.1+8.7 0.052
Hip circumference (cm) 97.1+£5.7 97.2+6.8 0.969
WHR 0.93+0.10 0.89+0.00 0.002
Vital signs
Systolic blood pressure (mmHg) 1259+12.4 122.0+14.1 0.195
Diastolic blood pressure (mmHg) 77.8+9.1 75.6+10.3 0.713
Pulse rate (bpm) 74.4+10.3 70.4+10.3 0.086
Body temperature (°C) 36.6+0.3 36.6+0.2 0.640
Blood parameters
Glycated hemoglobin (%) 6.7+0.8 5.6+0.4 0.000
Fasting plasma glucose (mg/dL) 133.7+30.4 101.7+9.3 0.000

WHR, waist to hip circumference; fasting glucose, glucose level before meal intake
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respectively. WHR was 0.93 +0.1 in the patient group and
0.89+0.0 in the control group, respectively.

3.2 ESC analysis

The ESC values measured at both the hands and feet using
Sudoscan in the fasting state are shown in Table 3 for
patients and normal control subjects. Figure 4 shows the
receiver operating characteristic (ROC) of ESC values for
diabetic patients. The AUC values obtained using ESC
measurements at the hands (ESC,,, 4,), ESC measurements
at the feet (ESCy,,), and average ESC (ESC,,,,) at the hands
and feet were 0.650, 0.626, and 0.644, respectively.

3.3 ESCvariability (ESCV)

The difference (ESCV) between the maximum and minimum
values of the five ESCs was 11.4 pS in the patient group and
15.1 pS in the control group as shown in Table 4. Both the
mean of the ESC standard deviation and ESCV were smaller
in patients. To examine the utility of ESCV, the five ESCs
(ESC,, ESC;, ESCq, ESCy, and ESC,,, were measured
according to the MTT protocol) and were selected a crite-
rion for ESCV to obtain a 2 X2 confusion matrix. Figure 5
shows the resulting confusion matrix of true-positive (top
left), false-negative (top right), false-positive (bottom left),
and true-negative (bottom right) with the ESCV criterion of
10.5 pS for both patients and control subjects. To provide an
illustration, the graph at the upper left represents a group of
people whose ESCV is less than 10.5 pS and are predicted
as patients (first column) among true patients (first row). As
aresult, due to the MTT, 70.0% of the patients were changed
to smaller than 10.5 pS of ESC and 66.7% of the control
group were changed to larger than 10.5 pS of ESC: sensitiv-
ity, 70.0%; specificity, 66.7%; accuracy, 68.3%.

To test the classification performance of ESC and ESCYV,
we conducted a tenfold cross-validation test. The accuracy
values and AUCs using the ESC and ESCV values of the
hands, feet and both the hands and feet were examined and
presented in Table 5. The best results were shown to be with
the ESCV of the feet with AUC =0.703. In all cases, the
AUCs of ESCV were a little higher than those of ESCs.
The correlation between blood glucose level and ESC is

Table 3 Mean ESC values of diabetes patients and controls

1.0

1 “E;

0.8 bl iuuy

0.6 4

1
0.4 ( .
$

Sensitivity

— ESCaVg
T ESChands
T ESCfeet
0.0 072 of4 ofe 0.I8 1.0
1-Specificity

Fig.4 ROC curve for the measured ESC values

r=0.249, between the blood glucose level and ESCV is
r=-0.173, and between ESC and ESCV is r=—0.542.

3.4 Duration of disease and ESC response

To test the ESC and ESCV responses according to the dura-
tion of the disease, we divided the patients into three groups:
less than 10 years of disease duration (n: 27, age: 59.8+8.3),
between 10 years and 20 years (n: 8, age: 65.1+10.3), over
20 years (n: 5, age: 64.2+5.5). No significant difference
was found between the control group and three sub-groups
of the patients. In Fig. 6, we presented the ESC,,, and
ESCV,,, of all participants according to the duration of
the disease. In terms of disease duration, the mean value of
ESCV,,, showed decreasing tendency from 12.2+10.9 pS
to 6.3 +2.7 pS as the duration of the disease increased, even
though it was not statistically significant (Fig. 6).

4 Discussion

There was a statistically significant difference in ESC val-
ues between diabetic patients group and normal control
group as shown in Table 3. Previous studies reported that
ESC value was higher in the healthy normal group than in

Table 4 Mean ESCV values of diabetes patients and controls

Diabetes patients Controls (n=42) P value Diabetes Controls (n=42) P value
(n=40) patients (n=40)
ESC,, (1S) 68.1+13.6 60.8+15.7 0.027 ESCV,, (1S) 11.4+9.5 15177 0.063
ESC, anas (BS) 64.2+16.2 55.1+19.1 0.022 ESCV,n4s (BS) 15.2+10.7 19.0+9.3 0.086
ESCqee (1S) 72.0+13.6 66.5+14.7 0.084 ESCVi (1S) 10.1+9.1 12.9+8.0 0.137
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Fig.5 ESC changes according to the measurement time for 4 groups divided by the criterion of ESCV =10.5 puS. Top-left: true positive. Top-
right: false negative. Bottom-left: false positive. Bottom-right: true negative

Table 5 Accuracy an.d AUC Both hands and feet Hands Feet

of ROC curve analysis with a

tenfold cross-validation Accuracy AUC Accuracy AUC Accuracy AUC
ESC 0.611 0.654 0.572 0.626 0.588 0.653
ESCV 0.649 0.691 0.613 0.676 0.539 0.703

The correlation between blood glucose level and ESC is r=0.249, between the blood glucose level and
ESCV is r=-0.173, and between ESC and ESCV is r=-0.542

the diabetic patient’s group due to impaired sweat gland
function or autonomic nerve response [22]. However,
similar to our results, some studies reported the oppo-
site behaviour; skin conductive increased in the diabetic
patients in the stage when the sympathetic nerve is pro-
moted due to Yin deficiency symptom, in Korean Medicine
[23-25]. As in Table 2, there was no statistically signifi-
cant difference in sex, age, vital signs and anthropometric
data, but the patient group and the control group were
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clearly distinguishable from the blood glucose level. It
certified that the patient group and control group were
appropriately sampled. Together with our results, the reli-
ability of ESC in its simple form is not yet justified for
discriminating diabetic mellitus because of inconsistent
or controversial reports [26]. The AUC to discriminate
diabetic patients from normal control was only 0.644,
which was far less accurate than that of the blood test
(AUC =0.906).
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Fig.6 ESC and ESCV of controls and patients by the disease dura-
tion. No statistical significance was found between subgroups

In the case of diabetic nephropathy, the ESC measured
at feet was reported more sensitive than that at hands [11].
In contrast, in our study, the ESC at hands showed better
performance than at feet. In the case of diabetic nephropathy,
neuropathic damages would occur more severely at feet than
at hands. Another possibility for this contrasting behavior
is that the drugs taken by diabetic patients may regulate
the autonomic nervous system [27, 28]. Time-dependent
changes of bio-signals within an individual may be used
for health examination [27-29]. In this study, we proposed
a novel ESCV, the change in the ESC value from the same
subject during an MTT. The accuracy was improved slightly
from ESC.

This study was limited as follows. First, it was studied in
a clinic with a small sample size. The age-dependent trend
of the ESC may exist and site-dependency should be cross-
checked by a multicenter study. Second, this was a cross-
sectional study. A long-term follow-up study will be needed
to discuss changes dependent on disease-period in the ESC
and ESCV.

5 Conclusion

Using a standard MTT protocol for 40 diabetic patients
and 42 control subjects with matched age, sex and BMI,
the variability of ESC before and after MTT showed better
performance than ESC in classifying diabetic patients. The
classification accuracy was marginal to be used as a screen-
ing tool for diabetes mellitus, as AUC=0.654 for ESC,, and
AUC=0.691 for ESCV,,, by a ROC curve analysis (tenfold
cross-validation). Diverse drugs taken by diabetic patients
accompany electrophysiological changes through autonomic
nervous responses, which uncontrollably affects ESC values

and have limited the applicability of the noninvasive ESC
for the screening and monitoring of diabetes. The reduced
values of ESCV for diabetic patients may imply that diabetic
patients have degraded electrophysiological adaptability to
maintain homeostasis after a physiological load such as an
MTT. Studies with larger populations or with an animal
model are needed for the verification of clinical usefulness
of ESC technique for diabetic mellitus.
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