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Background: Currently, no international diagnostic criteria for diabetic neuropathy (DN)
have been established. Recently, a novel point-of-care sural nerve conduction device
has been developed. We aimed to investigate associations between DN and clinical
parameters related to the development and progression of DN by using this novel device.
Methods: We conducted a retrospective observational study in patients with diabetes
whose sural nerve functions were measured using DPN Check between January 2015
and October 2016. Multiple and logistic regression analyses were conducted to assess
the associations of sural nerve conduction velocity (SNCV) and amplitude (SNAP) with
clinical parameters related to DN.
results: A total of 740 patients were enrolled in this study. At baseline, 211 patients
were diagnosed with DN by using DPN Check. The sensitivity, specificity, and positive likelihood ratio of DPN Check compared with ankle reflex as reference were 81%,
46%, and 1.5, respectively. Of these, 182 patients were followed up for approximately
1 year to measure changes in SNCV and SNAP. Both SNCV and SNAP were inversely
associated with duration of diabetes, plasma glucose levels, and hemoglobin A1c
levels at baseline, whereas these were positively associated with ankle–brachial index.
Logistic regression analysis revealed that poor glycemic control was associated with
increased risk of reduction in both SNCV [odds ratio = 1.570; 95% confidence interval
(CI) = 1.298–1.898; p < 0.001] and SNAP (odds ratio = 1.408; 95% CI = 1.143–1.735;
p = 0.001), and longer duration of diabetes was also significantly associated with an
increased risk of reduction in both SNCV (odds ratio = 1.058; 95% CI = 1.032–1.084;
p < 0.001) and SNAP (odds ratio = 1.049; 95% CI = 1.019–1.079; p = 0.001).
conclusion: Sural nerve functions were significantly associated with glycemic control
and arteriosclerosis in patients with diabetes. DPN Check may be useful as a screening
tool to identify DN in clinical practice.
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INTRODUCTION

January 2015 and October 2016, a total of 740 individuals
who underwent examination for DN were included. Patients
younger than 20 years and those with neurological disorders
other than DN were excluded. In addition, patients who could
not undergo examination for DN because of lower extremity
edema and injuries were excluded. Approximately 1 year after
the initial examination for DN, patients were re-examined to
determine whether their DN had deteriorated or improved.
Since this study was an observational study, the opt-out method
of obtaining informed consent was adopted. The patients were
anonymized to protect their personal information. The study
protocol was approved by the Medical Ethics Committee of the
Japan Medical Association, Center for Clinical Trials (Reference
No. 28-6), and the study was performed in accordance with the
Declaration of Helsinki.

Diabetic neuropathy (DN) develops with a background of
prolonged hyperglycemia, which is a common diabetic complication, and impairs quality of life of patients with diabetes (1).
Risk factors associated with the development and progression
of DN includes poor glycemic control, duration of diabetes,
hypertension, dyslipidemia, and smoking and drinking habits
(2–4). Recent studies have debated regarding the influence of
glycemic variability on DN as well as the average glucose and
hemoglobin A1c (HbA1c) levels (5). Avoiding overt hyperglycemia and hypoglycemia may also be crucial in order to prevent
the progression of DN. DN is known to be heterogeneous by
its symptoms, onset, course, and types of neurological involvement (i.e., peripheral or autonomic); however, the most typical
DN is a chronic, symmetrical, length-dependent sensorimotor
polyneuropathy (1). Such diabetic sensorimotor polyneuropathy
is frequently associated with retinal and renal microangiopathy,
and usually develops on metabolic disturbances, but other
causes should be excluded in the diagnosis (6). Currently, no
international diagnostic criteria for DN have been established;
however, the combination of symptoms, signs, and electrophysiological examination such as nerve conduction study is the most
accurate in the diagnosis of DN (7). Simplified diagnostic criteria
for diabetic polyneuropathy have been proposed for clinicians
in Japan; patients must be diagnosed with diabetes (excluding
those with neuropathies other than DN) and should also present with any two of the following three clinical manifestations:
(a) sensory symptoms due to DN, (b) bilaterally absent or
decreased ankle reflex, and (c) bilaterally decreased vibratory
sensation in the medial malleolus (8). Although these diagnostic
criteria are useful (sensitivity 68% and specificity 74% compared
with nerve conduction study as reference) (8), clinicians might
misdiagnose asymptomatic DN and might not have adequate
time for neurological examination in routine practice. Recently,
a novel point-of-care sural nerve conduction device has been
developed; the device shows good reliability and validity (sensitivity 90.48% and specificity 79.17%), when evaluated using
standard nerve conduction study as reference, and has the
potential to be suitable for clinical applications (9, 10). In contrast to standard nerve conduction study, this method is less time
consuming (approximately 3 min per examination) and user
friendly. It may be useful as a screening test for DN in routine
practice. On the other hand, to our knowledge, no studies have
investigated the association between DN and clinical parameters
in patients with diabetes using this handy device. Thus, the
present study aimed to investigate and affirm the associations
between DN and clinical parameters related to the development
and progression of DN by using this novel device and discuss
its applicability for diagnosing DN in routine clinical practice.

Physical Examination and Medical History
Taking

Patients were examined for ankle reflex on standing position
on the knees. Two diabetologists separately examined ankle
reflex, and they were blinded to results of ankle reflex each
other. Patients were also asked about duration of diabetes and
smoking and drinking habits at the first medical examination.
Brinkman index (number of cigarettes per day multiplied by
number of years) was calculated to quantify patients’ smoking
habit (11).

Anthropometric and Physiological
Measurements

Height was measured using a rigid stadiometer (seca 217; seca
Nihon Co., Ltd., Chiba, Japan). Weight was measured using calibrated scales (seca 899; seca Nihon Co., Ltd., Chiba, Japan). Body
mass index (BMI) was calculated as body weight in kilograms
divided by the square of body height in meters.
Blood pressure was measured in a seated position by using
a sphygmomanometer (KM-382; KENZMEDICO Co., Ltd,
Saitama, Japan). Arterial stiffness was examined by measuring
ankle–brachial index (ABI) and toe–brachial index (TBI), and
the brachial–ankle pulse wave velocity (baPWV) by using a pulse
pressure analyzer (BP-203RPEIII; Omron Co., Ltd., Tokyo, Japan).
Average values of right and left of ABI, TBI, and baPWV were
analyzed. The coefficient of variation of R–R intervals (CVRR)
on electrocardiogram (FCP-8600; FUKUDA DENSHI, Co., Ltd.,
Tokyo, Japan) was measured as a marker for cardiac autonomic
neuropathy in patients with diabetes.

Blood and Urinary Examination

We measured serum total cholesterol (Determiner L TC II, Kyowa
Medex Co., Ltd., Tokyo, Japan), triglycerides (Determiner L TG II,
Kyowa Medex Co., Ltd., Tokyo, Japan), high-density lipoprotein
(HDL) cholesterol (Cholestest N HDL, SEKISUI MEDICAL Co.,
Ltd., Tokyo, Japan), low-density lipoprotein (LDL) cholesterol
(Cholestest LDL, SEKISUI MEDICAL Co., Ltd., Tokyo, Japan),
plasma glucose (PG), and HbA1c (HLC-723G9, TOSOH Co.,
Ltd., Tokyo, Japan). Serum C-peptide levels were measured using
a chemiluminescent immunoassay kit (SIEMENS Healthcare

MATERIALS AND METHODS
Study Design and Subjects

We conducted a retrospective observational study in patients
with diabetes who were treated at Hamasaki Clinic. Between
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Diagnostics, Co., Ltd., Tokyo, Japan). Urinary albumin creatinine
ratio (UACR) (N-A TIA MicroALB, NITTOBO MEDICAL Co.,
Ltd., Tokyo, Japan) was also measured as a marker for diabetic
nephropathy.

in continuous variables and categorical variables such as sex
between patients with and without DN were analyzed by using
t test and chi-square test, respectively. Moreover, logistic regression analyses were performed to analyze association between
the presence of DN and clinical parameters and to determine
odds ratio and 95% confidence intervals (CIs). We included
age, sex, BMI, duration of diabetes, smoking habit, drinking
habit, systolic blood pressure, diastolic blood pressure, total
cholesterol, triglycerides, HDL cholesterol, LDL cholesterol,
PG, and HbA1c in the logistic regression model. We conducted
a post hoc sample size calculation using G*Power (http://www.
gpower.hhu.de/). In the multiple regression model, observed
R2 of HbA1c levels with SNCV and SNAP were 0.111 and 0.029,
respectively. Cohen’s f 2 effect size was calculated as follows: R2/
(1 − R2). The number of predictors was 4, and the one-tailed
alpha level is 0.025, the sample size calculation indicates that
364 subjects are needed for a power of 0.95. This suggests that
our sample size had sufficient power to detect the observed
association between sural nerve function and glycemic control.
p-Values < 0.05, determined by performing a two-sided test,
were considered statistically significant.

Diabetic Neuropathy Assessment

The right lower limbs of patients were examined using a nerve
conduction device named DPN Check (HDN-1000, Omron Co.,
Ltd., Tokyo, Japan) in the lateral decubitus position (Figure 1).
The assessment was performed about 10 min after the physical
examination. The examination room temperature was set at
25°C. This device measures sural nerve conduction velocity
(SNCV) and amplitude (SNAP) with a disposable biosensor at
a fixed distance of 9.22 cm from the stimulating probes. The
stimulating probe is placed on the posterior side of the lateral
malleolus of subjects, and examination is performed. The sural
nerve was orthodromically stimulated 4–16 times within 10–20 s.
The device also measured skin temperature because nerve
conduction velocity is influenced by temperature. The device
corrects SNCV for skin temperature between 23 and 28°C and
prevents tests when skin temperatures are below 23°C. If SNAP
is <2 μV or SNCV is undetectable, any results are automatically
adjusted to 0 by the device. Subjects are diagnosed as normal or
with neuropathy according to the cutoff values of both SNCV
and SNAP adjusted by age and height in normative database:
SNCV (cutoff value) = 99.4 − 0.16 × age − 0.23 × height; SNAP
(cutoff value) = 11.2 − 0.099 × age (9). All examinations were
performed by a skilled clinical technologist. The assessor was
blinded to results of ankle reflex.

RESULTS
Of 740 patients (458 men and 282 women), 18 and 722 patients
had type 1 and 2 diabetes, respectively. The mean patient age was
65.6 ± 12.0 years, the mean BMI was 24.1 ± 4.1 kg/m2, and the
mean duration of diabetes was 15.3 ± 9.9 years. At baseline, 211
(28.5%) patients were diagnosed with DN by using DPN Check;
Of these, 182 patients underwent DPN Check twice during the
study period (average examination interval: 421 ± 51 days).
Patient characteristics at baseline are listed in Table 1.
In total, 680 patients underwent both ankle reflex and DPN
Check. The concordance rate of DN diagnosis was 70.3%.
However, among 382 patients without DN diagnosed by normal
ankle reflex, 90 patients had decreased SNCV or SNAP. The sensitivity, specificity, and positive likelihood ratio of DPN Check
compared with ankle reflex as reference were 81%, 46%, and 1.5,
respectively (Table S1 in Supplementary Material).
SNCV was inversely associated with duration of diabetes,
Brinkman index, PG levels, HbA1c levels, and serum triglyceride
levels at baseline and changes in SNCV, whereas it was positively
associated with CVRR and ABI. On the other hand, SNAP was
inversely associated with duration of diabetes, PG levels, and
HbA1c levels at baseline and changes in SNAP, whereas it was
positively associated with ABI (Table 2).
In patients with DN, duration of diabetes was longer, PG,
HbA1c levels, and UACR were higher, and ABI and TBI were
lower than those in patients without DN (Table 3).
Furthermore, logistic regression analysis revealed that higher
HbA1c levels at baseline were significantly associated with an
increased risk of reduction in both SNCV [odds ratio = 1.570;
95% confidence interval (CI) = 1.298–1.898; p < 0.001] and
SNAP (odds ratio = 1.408; 95% CI = 1.143–1.735; p = 0.001),
and longer duration of diabetes was also significantly associated with an increased risk of reduction in both SNCV (odds
ratio = 1.058; 95% CI = 1.032–1.084; p < 0.001) and SNAP (odds

Statistical Analysis

Statistical analyses were performed using SPSS version 24
(IBM Co., Ltd., Chicago, IL, USA). All values are expressed as
mean ± SD. Multiple regression analyses adjusted for age, sex,
and BMI were performed to test independent associations of
both SNCV and SNAP with clinical parameters. Differences

Figure 1 | DPN Check measures sural nerve conduction velocity and
amplitude with a disposable biosensor at a fixed distance from the
stimulating probes, which are placed on the posterior side of the lateral
malleolus.
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Table 1 | Characteristics of patients at baseline.

Table 3 | Comparison of clinical data between patients with and without
diabetic neuropathy.

Demographics

With diabetic
neuropathy

740
65.6 (12)
458/282
18/722
239/472/29
827 (548)
348/363/29
15.3 (9.9)

n
Age (years)
Sex (male/female)
Types of diabetes (type 1/type 2)
Smoking habit (current or past/never/unknown)
Brinkman index
Drinking habit (yes/no/unknown)
Duration of diabetes (years)
Anthropometric data
Height (cm)
Weight (kg)
BMI (kg/m2)

Age (years)
Duration of diabetes (years)
Sex (male/female)
Height (cm)
Weight (kg)
BMI (kg/m2)
Brinkman index

161 (9.1)
62.7 (13.4)
24.1 (4.1)

Physiological and biochemical data
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Plasma glucose (mg/dl)
Plasma HbA1c (%)
Serum C-peptide (ng/ml)
Serum total cholesterol (mg/dl)
Serum triglyceride (mg/dl)
Serum high-density lipoprotein cholesterol (mg/dl)
Serum low-density lipoprotein cholesterol (mg/dl)
Urinary albumin creatinine ratio (mg/gCr)
Coefficient of variation of R–R intervals
Ankle–brachial index
Toe–brachial index
Brachial–ankle pulse wave velocity (cm/s)
Sural nerve conduction velocity
Sural nerve amplitude

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Plasma glucose (mg/dl)
Plasma HbA1c (%)
Total cholesterol (mg/dl)
Triglycerides (mg/dl)
HDL cholesterol (mg/dl)
LDL cholesterol (mg/dl)
Urinary albumin creatinine ratio
(mg/gCr)
CVRR
ABI
TBI
baPWV (cm/s)
SNCV (m/s)
SNAP (μV)

128.9 (17.2)
70.7 (10.3)
168.1 (70)
7.8 (1.5)
1.3 (1.4)
197.6 (35.2)
148.4 (103)
52.1 (15.2)
112.6 (29.6)
37.5 (54.6)
2.64 (1.29)
1.15 (0.11)
0.76 (0.17)
1,778 (371)
50.1 (10.5)
10.2 (6.6)

Duration of diabetes
Brinkman index
Systolic blood pressure
Diastolic blood pressure
Plasma glucose
Plasma HbA1c
Serum total cholesterol
Serum triglyceride
Serum HDL cholesterol
Serum LDL cholesterol
Serum C-peptide
Urinary albumin creatinine ratio
CVRR
ABI
TBI
baPWV
⊿SNCV
⊿SNAP

SNAP

p-Value

β

p-Value

−0.216
−0.19
−0.065
0.018
−0.078
−0.155
0.052
−0.085
0.038
0.065
0.178
−0.063
0.336
0.191
0.104
−0.048
−0.31
−0.084

<0.001
0.018
0.086
0.66
0.036
<0.001
0.23
0.029
0.33
0.083
0.18
0.17
0.016
0.001
0.071
0.45
<0.001
0.26

−0.19
−0.028
−0.046
0.047
−0.097
−0.148
0.039
0.025
0.025
0.053
0.242
−0.065
0.159
0.147
0.061
0.035
0.079
−0.519

<0.001
0.73
0.21
0.23
0.007
<0.001
0.36
0.51
0.51
0.14
0.057
0.14
0.25
0.007
0.27
0.56
0.3
<0.001

0.057
<0.001
0.11
0.93
0.42
0.22
0.82

130 (18)
70.2 (11.3)
184.6 (82.8)
8.4 (1.7)
194 (38)
152.6 (105.3)
51.6 (16.6)
110.1 (30.9)
53.7 (64.9)

128.5 (16.9)
70.8 (9.9)
161.5 (63.1)
7.6 (1.3)
199 (34)
146.7 (102.1)
52.3 (14.6)
113.7 (29)
33 (50.6)

0.28
0.53
<0.001
<0.001
0.14
0.49
0.57
0.14
0.003

2.28 (1.12)
1.12 (0.15)
0.71 (0.17)
1,828 (423)
40.9 (14.8)
5.9 (5.1)

2.83 (1.35)
1.16 (0.09)
0.78 (0.16)
1,758 (347)
53.9 (4.3)
11.9 (6.4)

0.12
0.005
<0.001
0.13
<0.001
<0.001

DISCUSSION
We demonstrated that both SNCV and SNAP, measured using
a novel device for sural nerve function, were significantly
associated with duration of diabetes, glycemic control and
arteriosclerosis in patients with diabetes. These findings are
consistent with previous reports (12, 13); however, the lack of
uniformity of DN measurement such as questionnaire, ankle
reflex, monofilament testing, and vibration perception threshold makes it difficult to conclude whether various therapies
are adequately effective in improving DN (14). In this regard,
DPN Check exhibits high sensitivity and specificity for standard nerve conduction studies (9, 10) and can be used without
special training in standard nerve conduction studies; thus, it
should be reliable for evaluating DN in clinical practice. To our
knowledge, this is the first study to show that DN evaluated by
DPN Check is significantly associated with clinical parameters
in Japanese patients with diabetes.
The evidence that intensive glycemic control is effective for
preventing progression of DN in patients with type 1 diabetes

The multiple regression model was adjusted for age, sex, and body mass index (BMI).
Each variable displayed in a separate row of the table was adjusted for age, sex and
BMI.
SNCV, sural nerve conduction velocity; SNAP, sural nerve amplitude; HbA1c,
hemoglobin A1c; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CVRR,
coefficient of variation of R–R intervals; ABI, ankle–brachial index; TBI, toe–brachial
index; baPWV, brachial–ankle pulse wave velocity. ◿ means annual changes in SNCV
and SNAP.

Frontiers in Endocrinology | www.frontiersin.org

66.1 (11.4)
14.5 (9.7)
337/192
161.1 (8.8)
62.5 (13.1)
23.9 (3.7)
821 (539)

ratio = 1.049; 95% CI = 1.019–1.079; p = 0.001). In addition,
age was associated with a decreased risk of reduction in SNCV,
and BMI was associated with an increased risk of reduction in
SNAP. However, no significant associations were found between
smoking and drinking habits, blood pressure, and serum lipid
profile and SNAP or SNCV (Table 4).

Table 2 | Associations between sural nerve functions and clinical parameters.

β

64.2 (13.1)
17.4 (10.1)
121/90
161 (9.7)
63.3 (14.1)
24.4 (4.8)
841 (572)

Values are expressed as means (SD) except for sex.
BMI, body mass index; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; CVRR, coefficient of variation of R–R intervals; ABI, ankle–
brachial index; TBI, toe–brachial index; baPWV, brachial–ankle pulse wave velocity;
SNCV, sural nerve conduction velocity; SNAP, sural nerve amplitude.

Data are expressed as means (SD) for continuous variables.
BMI, body mass index; HbA1c, hemoglobin A1c.

SNCV

Without diabetic p-Value
neuropathy

4
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Table 4 | Logistic regression analyses for age, sex, BMI, duration of diabetes, smoking, drinking, blood pressure, lipid profile, and glycemic control.
SNCV

Age

Adjusted odds ratio

95% CI

SNAP
p-Value

Adjusted odds ratio

95% CI

p-Value

0.972

0.950–0.994

0.012

0.975

0.949–1.001

0.063

Sex
Men
Women
Body mass index
Duration of diabetes

0.655
Reference
0.979
1.058

0.383–1.121

0.12

0.386–1.395

0.35

0.924–1.036
1.032–1.084

0.46
<0.001

0.734
Reference
1.072
1.049

1.004–1.143
1.019–1.079

0.036
0.001

Smoking habit
Current or past
Never

1.222
Reference

0.738–2.024

0.44

1.010
Reference

0.551–1.853

0.97

Drinking habit
Yes
No
Systolic blood pressure
Diastolic blood pressure
Serum total cholesterol
Serum triglyceride
Serum HDL cholesterol
Serum LDL cholesterol
Plasma glucose
Plasma HbA1c

0.980
Reference
1.011
0.992
1.029
0.993
0.968
0.962
0.997
1.570

0.603–1.594

0.94

0.372–1.208

0.18

0.994–1.027
0.963–1.021
0.784–1.350
0.941–1.049
0.738–1.271
0.733–1.262
0.993–1.001
1.298–1.898

0.2
0.57
0.84
0.81
0.82
0.78
0.14
<0.001

0.671
Reference
1.019
0.985
1.031
0.995
0.971
0.968
0.998
1.408

0.999–1.038
0.952–1.020
0.692–1.535
0.919–1.077
0.651–1.447
0.649–1.442
0.993–1.003
1.143–1.735

0.057
0.41
0.88
0.9
0.89
0.87
0.37
0.001

CI, confidence intervals; SNCV, sural nerve conduction velocity; SNAP, sural nerve amplitude; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HbA1c, hemoglobin A1c.

is clear (14). The Diabetes Control and Complications Trail/
Epidemiology of Diabetes Interventions and Complications
trials, wherein DN was assessed by a standardized evaluation
method, revealed that the prevalence of DN substantially
increased in the conventional therapy group (from 5 to 17%)
after 6.5 years of follow-up compared with the intensive therapy
group (from 7 to 9%) (15–17). On the other hand, the results of
randomized controlled trials in patients with type 2 diabetes are
controversial. The Kumamoto study (18) showed that intensive
glycemic control (achieved HbA1c of 7.4%) prevented the
progression of DN, and the Action to Control Cardiovascular
Risk in Diabetes trial (19) reported that intensive glycemic
intervention (target HbA1c of <6%) reduced the incidence of
DN compared with standard glycemic control (target HbA1c of
7.0–7.9%); however, the United Kingdom Prospective Diabetes
Study (UKPDS) (20), Veterans Affairs Diabetes Trial (21), and
Steno-2 trial (22) did not report any beneficial effects on the
development or progression of DN. These large-scale clinical
trials did not include DN as a primary outcome; thus, the design
and subjects of these studies may not be suitable to investigate
effects of glycemic control on DN. However, the heterogeneity
of the method for evaluating DN may be the primary barrier
to clarify the effect of glycemic control on DN progression
(14). In patients with DN, nerve conduction studies revealed
abnormalities, such as reduced amplitude, slowed conductive
velocity, or prolonged latent phase (23). Distal, symmetrical,
length-dependent sensorimotor polyneuropathy, which is the
most common pattern of DN, is associated with progressive
distal axonopathy (24). The pathogenic mechanism of DN is
multifactorial; however, enhanced polyol pathway, increased
advanced glycation end products, increased oxidative stress,
and cytokine release induced by hyperglycemia are the causative
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factors for DN (25). Considering the pathophysiological mechanism of DN, it is useful to measure SNAP and SNCV as well as
glycemic control in clinical practice.
Obesity and metabolic syndrome, particularly elevated
triglycerides, are significantly associated with polyneuropathy
irrespective of diabetes (26, 27). Dyslipidemia and increased
nerve oxidative stress led to development of neuropathy in
non-diabetic mice (28). Smith and Singleton (29) also reported
that hypertriglyceridemia increased the risk of neuropathy and
triglycerides were related to impairment of small unmyelinated
fibers in patients with type 2 diabetes. Regular smoking also
increases the incidence of DN independent of glycemic control
(2) via microangiopathy due to oxidative stress (30). The findings
of this study may represent the harmful effects of smoking on sensory nerve conduction velocity, concomitant with hyperglycemia
and dyslipidemia.
Aging is also an independent risk factor for the development
of DN (31); however, aging was associated with a decreased risk of
reduction in SNAP. Although the underlying cause is unknown,
older patients with diabetes might have already suffered from
progressed DN which does not change in only 1 year. On the
other hand, the positive association between SNCV and CVRR,
which is an index of parasympathetic nervous activity, is convincing. Cardiac autonomic nervous dysfunction is a type of DN
(1), and CVRR is lower in diabetic patients with polyneuropathy
than in those without (32). However, the reason why we did not
observe significant associations of SNAP with serum lipid profile,
smoking status, and CVRR, and the reason why BMI was not
associated with an increased risk of reduction in SNCV remain
unknown and warrants further investigation.
Other notable findings of this study include positive associations of both SNCV and SNAP with ABI, an inverse association
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of baseline SNCV with changes in SNCV, and inverse association of baseline SNAP with changes in SNAP. McDermott
et al. reported that peripheral artery disease measured by ABI
impaired peripheral nerve function (33). In a prospective cohort
study, Cardoso et al. demonstrated that increased aortic stiffness at baseline predicts the development or progression of DN
(34). These findings suggest that diabetic micro- and macroangiopathy is a causative factor for DN. Moreover, prevention
of progression of arteriosclerosis is essential for managing DN.
The inverse association between sural nerve function (both
SNCV and SNAP) at baseline and changes in sural nerve function 1 year later suggests that DN rapidly deteriorates once
DN develops. A systematic review revealed that several treatments such as α-lipoic acid, opioids, botulinum toxin A, and
mexidol in addition to antidepressants and antipsychotics are
effective in improving DN symptoms (35); however, there is no
current evidence regarding the effective therapy for enhancing
peripheral nerve function in patients with DN. The prevention
of development of DN is crucial, and our findings indicate that
early detection of DN and appropriate intervention during early
stages, preferably prediabetes (36), will be needed.
This study had several limitations. First, there are some
missing values because of the study design. Second, we did
not measure SNCV and SNAP bilaterally. However, DN begins
focally, but most patients eventually develop bilateral lower
extremity symptoms (24). The mean duration of diabetes of
patients with DN was 17.4 ± 10.1 years in the present study;
thus, most patients were expected to have similar bilateral sural
nerve impairment. Third, we did not evaluate patients’ symptoms and certain diagnostic indicators other than ankle reflex
such as vibration perception threshold. We could not evaluate
the diagnostic accuracy of DPN Check because clinical findings;
symptoms, signs, and standard nerve conduction study were
insufficient (7). However, as shown in previous studies (9, 10),
DPN Check had a high sensitivity and a relatively low specificity in this study. This device can rule out the presence of DN if
the test is negative; however, it is not suitable for the definitive
diagnosis of DN. Fourth, there should have been a heterogeneity of physical examination between diabetologists in this
study. Fifth, post hoc sample size calculation is also a limitation.
Finally, according to the National Health and Nutrition Survey
in 2008, the prevalence of DN in Japanese patients with diabetes
was 11.8% (37); thus, we cannot generalize the results to other
primary care populations. The discrepancy in the prevalence of

DN may attribute to our clinical setting which is a clinic specializing in the management of diabetes. Despite these limitations,
we could demonstrate that sural nerve functions evaluated by
the novel device DPN Check were significantly associated with
glycemic control and arteriosclerosis in patients with diabetes.
To ensure these associations and assess the effects of diabetes
treatment on DN, additional studies, preferably randomized
controlled trials that include peripheral nerve function as a
primary outcome, are required.
In conclusion, findings of this study suggest that early initiation of treatment for diabetes is essential for preventing the
progression of DN. The factors associated with DN were duration
of diabetes, glycemic control, and ABI. This study also showed the
utility of DPN Check in clinical practice, which may be useful as
a screening tool to identify DN.

ETHICS STATEMENT
Since this study was an observational study, the opt-out method
of obtaining informed consent was adopted. The patients were
anonymized to protect their personal information. The study
protocol was approved by the Medical Ethics Committee of the
Japan Medical Association, Center for Clinical Trials (Reference
No. 28-6), and the study was performed in accordance with the
Declaration of Helsinki.

AUTHOR CONTRIBUTIONS
HH performed the study, conducted the data analyses, drafted the
manuscript, revised the manuscript, and critically reviewed the
manuscript and the scientific interpretations of study results. All
authors read and approved the final manuscript.

ACKNOWLEDGMENTS
The authors appreciate the support of Yuka Miyaji and Masayo
Yoshidome who helped in data collection.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fendo.2017.00203/
full#supplementary-material.

REFERENCES

4. Adler AI, Boyko EJ, Ahroni JH, Stensel V, Forsberg RC, Smith DG. Risk
factors for diabetic peripheral sensory neuropathy. Results of the Seattle prospective diabetic foot study. Diabetes Care (1997) 20(7):1162–7. doi:10.2337/
diacare.20.7.1162
5. Jin HY, Lee KA, Park TS. The impact of glycemic variability on diabetic peripheral neuropathy. Endocrine (2016) 53(3):643–8. doi:10.1007/s12020-016-1005-7
6. England JD, Gronseth GS, Franklin G, Miller RG, Asbury AK, Carter GT,
et al. Distal symmetric polyneuropathy: a definition for clinical research:
report of the American Academy of Neurology, the American Association
of Electrodiagnostic Medicine, and the American Academy of Physical
Medicine and Rehabilitation. Neurology (2005) 64(2):199–207. doi:10.1212/01.
WNL.0000149522.32823.EA

1. 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(10):2285–93. doi:10.2337/
dc10-1303
2. Tesfaye S, Chaturvedi N, Eaton SE, Ward JD, Manes C, Ionescu-Tirgoviste C,
et al. Vascular risk factors and diabetic neuropathy. N Engl J Med (2005)
352(4):341–50. doi:10.1056/NEJMoa032782
3. Forrest KY, Maser RE, Pambianco G, Becker DJ, Orchard TJ. Hypertension
as a risk factor for diabetic neuropathy: a prospective study. Diabetes (1997)
46(4):665–70. doi:10.2337/diabetes.46.4.665

Frontiers in Endocrinology | www.frontiersin.org

6

August 2017 | Volume 8 | Article 203

Hamasaki and Hamasaki

Diabetic Neuropathy in Outpatient Clinic

7. Dyck PJ, Albers JW, Andersen H, Arezzo JC, Biessels GJ, Bril V, et al. Diabetic
polyneuropathies: update on research definition, diagnostic criteria and estimation of severity. Diabetes Metab Res Rev (2011) 27(7):620–8. doi:10.1002/
dmrr.1226
8. Yasuda H, Sanada M, Kitada K, Terashima T, Kim H, Sakaue Y, et al.
Rationale and usefulness of newly devised abbreviated diagnostic criteria
and staging for diabetic polyneuropathy. Diabetes Res Clin Pract (2007)
77(Suppl 1):S178–83. doi:10.1016/j.diabres.2007.01.053
9. Lee J, Halpern EM, Lovblom LE, Yeung E, Bril V, Perkins BA. Reliability and
validity of a point-of-care sural nerve conduction device for identification
of diabetic neuropathy. PLoS One (2014) 9(1):e86515. doi:10.1371/journal.
pone.0086515
10. Chatzikosma G, Pafili K, Demetriou M, Vadikolias K, Maltezos E, Papanas N.
Evaluation of sural nerve automated nerve conduction study in the diagnosis
of peripheral neuropathy in patients with type 2 diabetes mellitus. Arch Med
Sci (2016) 12(2):390–3. doi:10.5114/aoms.2016.59265
11. Brinkman GL, Coates EO Jr. The effect of bronchitis, smoking, and occupation on ventilation. Am Rev Respir Dis (1963) 87:684–93.
12. Papanas N, Ziegler D. Risk factors and comorbidities in diabetic neuropathy: an update 2015. Rev Diabet Stud (2015) 12(1–2):48–62. doi:10.1900/
RDS.2015.12.48
13. Salvotelli L, Stoico V, Perrone F, Cacciatori V, Negri C, Brangani C, et al.
Prevalence of neuropathy in type 2 diabetic patients and its association
with other diabetes complications: the Verona diabetic foot screening
program. J Diabetes Complications (2015) 29(8):1066–70. doi:10.1016/j.
jdiacomp.2015.06.014
14. Ang L, Jaiswal M, Martin C, Pop-Busui R. Glucose control and diabetic
neuropathy: lessons from recent large clinical trials. Curr Diab Rep (2014)
14(9):528. doi:10.1007/s11892-014-0528-7
15. Diabetes Control and Complications Trial Research Group, Nathan DM,
Genuth S, Lachin J, Cleary P, Crofford O, et al. The effect of intensive treatment
of diabetes on the development and progression of long-term complications
in insulin-dependent diabetes mellitus. N Engl J Med (1993) 329(14):977–86.
doi:10.1056/NEJM199309303291401
16. Albers JW, Kenny DJ, Brown M, Greene D, Cleary PA, Lachin JM, et al.
Effect of intensive diabetes treatment on nerve conduction in the diabetes
control and complications trial. Ann Neurol (1995) 38(6):869–80. doi:10.1002/
ana.410380607
17. Martin CL, Albers JW, Pop-Busui R; DCCT/EDIC Research Group.
Neuropathy and related findings in the diabetes control and complications
trial/epidemiology of diabetes interventions and complications study. Diabetes
Care (2014) 37(1):31–8. doi:10.2337/dc13-2114
18. Ohkubo Y, Kishikawa H, Araki E, Miyata T, Isami S, Motoyoshi S, et al.
Intensive insulin therapy prevents the progression of diabetic microvascular
complications in Japanese patients with non-insulin-dependent diabetes mellitus: a randomized prospective 6-year study. Diabetes Res Clin Pract (1995)
28(2):103–17. doi:10.1016/0168-8227(95)01064-K
19. Ismail-Beigi F, Craven T, Banerji MA, Basile J, Calles J, Cohen RM, et al.
Effect of intensive treatment of hyperglycaemia on microvascular outcomes
in type 2 diabetes: an analysis of the ACCORD randomised trial. Lancet (2010)
376(9739):419–30. doi:10.1016/S0140-6736(10)60576-4
20. Turner RC, Holman RR, Cull CA, Stratton IM, Matthews DR, Frighi V, et al.
Intensive blood-glucose control with sulphonylureas or insulin compared
with conventional treatment and risk of complications in patients with type
2 diabetes (UKPDS 33). UK Prospective Diabetes Study (UKPDS) Group.
Lancet (1998) 352(9131):837–53. doi:10.1016/S0140-6736(98)07019-6
21. Duckworth W, Abraira C, Moritz T, Reda D, Emanuele N, Reaven PD, et al.
Glucose control and vascular complications in veterans with type 2 diabetes.
N Engl J Med (2009) 360(2):129–39. doi:10.1056/NEJMoa0808431
22. Gaede P, Vedel P, Larsen N, Jensen GV, Parving HH, Pedersen O. Multifactorial
intervention and cardiovascular disease in patients with type 2 diabetes.
N Engl J Med (2003) 348(5):383–93. doi:10.1056/NEJMoa021778
23. Zhang Y, Li J, Wang T, Wang J. Amplitude of sensory nerve action
potential in early stage diabetic peripheral neuropathy: an analysis of 500

Frontiers in Endocrinology | www.frontiersin.org

24.
25.

26.

27.

28.
29.
30.
31.
32.

33.

34.

35.
36.

37.

cases. Neural Regen Res (2014) 9(14):1389–94. doi:10.4103/1673-5374.
137593
Said G. Diabetic neuropathy – a review. Nat Clin Pract Neurol (2007)
3(6):331–40. doi:10.1038/ncpneuro0504
Yagihashi S, Yamagishi S, Wada R. Pathology and pathogenetic mechanisms of diabetic neuropathy: correlation with clinical signs and symptoms. Diabetes Res Clin Pract (2007) 77(Suppl 1):S184–9. doi:10.1016/j.
diabres.2007.01.054
Hanewinckel R, Drenthen J, Ligthart S, Dehghan A, Franco OH, Hofman A,
et al. Metabolic syndrome is related to polyneuropathy and impaired
peripheral nerve function: a prospective population-based cohort study.
J Neurol Neurosurg Psychiatry (2016) 87(12):1336–42. doi:10.1136/
jnnp-2016-314171
Ylitalo KR, Sowers M, Heeringa S. Peripheral vascular disease and peripheral
neuropathy in individuals with cardiometabolic clustering and obesity:
National Health and Nutrition Examination Survey 2001–2004. Diabetes Care
(2011) 34(7):1642–7. doi:10.2337/dc10-2150
Vincent AM, Hinder LM, Pop-Busui R, Feldman EL. Hyperlipidemia: a
new therapeutic target for diabetic neuropathy. J Peripher Nerv Syst (2009)
14(4):257–67. doi:10.1111/j.1529-8027.2009.00237.x
Smith AG, Singleton JR. Obesity and hyperlipidemia are risk factors for
early diabetic neuropathy. J Diabetes Complications (2013) 27(5):436–42.
doi:10.1016/j.jdiacomp.2013.04.003
Bernhard D, Wang XL. Smoking, oxidative stress and cardiovascular diseases –
do anti-oxidative therapies fail? Curr Med Chem (2007) 14(16):1703–12.
doi:10.2174/092986707781058959
Popescu S, Timar B, Baderca F, Simu M, Diaconu L, Velea I, et al. Age as an
independent factor for the development of neuropathy in diabetic patients.
Clin Interv Aging (2016) 11:313–8. doi:10.2147/CIA.S97295
Iwasaki S, Kozawa J, Fukui K, Iwahashi H, Imagawa A, Shimomura I.
Coefficient of variation of R-R interval closely correlates with glycemic
variability assessed by continuous glucose monitoring in insulin-depleted
patients with type 1 diabetes. Diabetes Res Clin Pract (2015) 109(2):397–403.
doi:10.1016/j.diabres.2015.05.021
McDermott MM, Sufit R, Nishida T, Guralnik JM, Ferrucci L, Tian L,
et al. Lower extremity nerve function in patients with lower extremity
ischemia. Arch Intern Med (2006) 166(18):1986–92. doi:10.1001/archinte.
166.18.1986
Cardoso CR, Moran CB, Marinho FS, Ferreira MT, Salles GF. Increased
aortic stiffness predicts future development and progression of peripheral
neuropathy in patients with type 2 diabetes: the Rio de Janeiro type 2
diabetes cohort study. Diabetologia (2015) 58(9):2161–8. doi:10.1007/
s00125-015-3658-9
Çakici N, Fakkel TM, van Neck JW, Verhagen AP, Coert JH. Systematic
review of treatments for diabetic peripheral neuropathy. Diabet Med (2016)
33(11):1466–76. doi:10.1111/dme.13083
Lee CC, Perkins BA, Kayaniyil S, Harris SB, Retnakaran R, Gerstein HC,
et al. Peripheral neuropathy and nerve dysfunction in individuals at high risk
for type 2 diabetes: the PROMISE cohort. Diabetes Care (2015) 38(5):793–800.
doi:10.2337/dc14-2585
Ministry of Health, Labour and Welfare. National Health and Nutrition Survey.
(2008). Available from: http://www.mhlw.go.jp/english/database/db-hss/
ps.html

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2017 Hamasaki and Hamasaki. This is an open-access article distri
buted under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

7

August 2017 | Volume 8 | Article 203

