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underwent the assessment of signs of peripheral neuropathy and electromyography tests.
Three definitions of DPN (i.e, clinician-diagnosed DPN, abnormal nerve conduction and
confirmed DPN) were taken as reference gold standards.

Results: Vibration perception threshold was a specific measure for all three groups of
DPN outcomes, with the highest specificity noted for clinician-diagnosed DPN (85.1%).
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J Diabetes Investig 2021; 12: 1663 The specificity for abnormal nerve conduction and confirmed DPN was 77.0 and 76.6%,

1670 respectively. The sensitivity of VPT was 67.0% for clinician-diagnosed DPN, 66.5% for abnor-
mal nerve conduction and 67.2% for confirmed DPN. The optimal cut-off threshold for

doi: 10.1111/jdi.13515 abnormal nerve conduction, as well as confirmed DPN, was VPT >149 V. The specificity

and sensitivity of VPT >14.9 V as the cut-off value for clinician-diagnosed DPN were 856
and 66.2%, respectively. When taking clinician-diagnosed DPN as the gold standard, the
performance of VPT for diagnosing DPN was best with an area under the curve value of
0.804.

Conclusions: VPT measured using the neurothesiometer had relatively high specificity
and best performance for diagnosing DPN when clinician-diagnosed DPN rather than
abnormal nerve conduction was taken as the gold standard in a Chinese population. A
VPT value of >15 V might be equally applicable for diagnosing DPN in a Chinese popula-
tion.

INTRODUCTION economic burden*’. Thus, early diagnosis of DPN is the key
Diabetic polyneuropathy (DPN), which has a lifetime estimated  fctor for a better prognosis and preventing diabetic foot ulcer-
prevalence up to 50-70%', is one of the most common  ,on.

microvascular complications in patients with diabetes. It is Nowadays, a set of neurological tests, including temperature
highly correlated with the occurrence of diabetic foot ulceration,  gengation, pinprick sensation, vibration perception, pressure
that results in great morbidity, mortality and significant  gepsation and ankle reflexes, have been recommended as
screening tests for DPN in clinical practice guidelines®”. How-
ever, carrying out the set of tests is time-consuming, which
Received 8 September 2020; revised 15 January 2021; accepted 25 January 2021 hampers their widespread use in outpatient clinics or primary
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medical care units. Some studies found that the abnormal
results on vibratory perception and pressure sensation are the
most helpful signs®. The combination of testing vibration per-
ception and pressure sensation had higher sensitivity and accu-
racy for identifying patients at risk of having DPN’, and was
most commonly recommended in the primary care setting’.

Vibration perception thresholds (VPT) measures could
potentially offer a quick and accurate screening instrument to
evaluate DPN, and have been frequently used in clinical prac-
tice'™'2. Compared with various tuning fork applications, the
neurothesiometer was the most reliable method of assessing
VPT'>'. However, the optimal cut-off values for diagnosing
DPN remain inconsistent. Most studies used VPT >25 V as
one of the diagnostic criteria for DPN in people with dia-
betes’> . In other studies, DPN was diagnosed based on a
VPT >15 V'®', These cut-off values of VPT were obtained
through using different definitions of DPN as reference gold
standards (e.g., nerve conduction function, neuropathy disability
score or Michigan Neuropathy Screening Instrument). For Chi-
nese individuals, however, which cut-off value is more applica-
ble remains unknown. Therefore, the current study aimed to
evaluate the performance and identify the optimal threshold of
VPT for DPN diagnosis in a Chinese population according to
multiple definitions of DPN as gold standards.

MATERIALS AND METHODS

Study population

A total of 421 individuals with type 2 diabetes mellitus were
recruited from the clinic or were inpatients of the Department
of Endocrinology and Metabolism of West China Hospital,
Sichuan University, Chengdu, China, between July 2017 and
January 2019. Diabetes was diagnosed according to the 1999
World Health Organization criteria®®. We collected information
on demographic features, lifestyle risk factors, history and treat-
ment of comorbidities, and measured biochemical indices (e.g.,
glycosylated hemoglobin, liver and renal function, glucose and
lipid) in the fasting state. The exclusion criteria were as follows:
type 1 diabetes or specific types of diabetes, acute complications
of diabetes, non-diabetes-related peripheral neuropathy, unsta-
ble cardiopulmonary conditions, severe liver disease, renal fail-
ure, malignant tumor, rheumatic disease and pregnancy or
breast-feeding.

The present study adhered to the tenets of the Declaration of
Helsinki, and was approved by the Institutional Ethic Commit-
tee of West China Hospital, Sichuan University. Written
informed consent was obtained from all participants.

Measurement of vibration perception threshold

Vibration perception was measured by a trained and experi-
enced podiatric technician using a neurothesiometer (Beijing
Laxons Technology Co., Ltd, Beijing, China) on the distal pulp
of participants’ left great toe. The intensity of the stimulus was
gradually increased from null to a voltage at which vibration
was first detected by participants®’. Three separate tests were
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carried out with participants’ eyes closed. The average of the
three VPTs was used for analysis. A ‘null stimulus’ trial was
added randomly to ensure participants’ adherence and under-
standing of the test requirements.

Definitions of DPN

Three definitions of DPN (i.e., clinician-diagnosed DPN, con-
firmed DPN and abnormal nerve conduction) were used in the
present study, and taken as reference gold standards to evaluate
the performance of VPT for diagnosing DPN.

Clinician-diagnosed DPN was defined by physicians by the
presence of a combination of symptoms and signs of neuropa-
thy according to the recommendations of various guidelines or
expert panels”””. The symptoms of neuropathy included
decreased sensation, numbness, prickling or stabbing and burn-
ing or aching, predominantly in the toes, feet or legs. The signs
of neuropathy consisted of the abnormalities of pressure sensa-
tion, vibration perception, pinprick sensation, temperature sen-
sation and ankle reflexes. The 10-g monofilament, 128-Hz
tuning, pin, Tip-Therm and percussion hammer were used to
evaluate neuropathy signs. The five clinical tests were carried
out in accordance with the methods described in a report from
the Task Force of the Foot Care Interest Group of the Ameri-
can Diabetes Association®’. After non-diabetes-related neuropa-
thy was excluded, clinician-diagnosing DPN was defined if
patients had a combination of neuropathic symptoms and one
or more positive signs”*.

Additionally, all patients were given electromyography tests
with a Counterpoint electromyography instrument (Keypoint
4ch, Medtronic, Denmark) at the laboratory of the EMG Neurol-
ogy Department. Abnormal nerve conduction was defined as the
presence of one or more abnormal nerve conduction results (am-
plitude, conduction velocity or minimal F-wave latency) in per-
oneal nerve parameter and sural nerve parameter”. Confirmed
clinical neuropathy was defined as the presence of neuropathic
symptoms or positive signs and abnormal nerve conduction”?%,

Statistical analysis
Statistical analysis was carried out using SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA). Quantitative variables expressed
as the mean = standard deviation or median with interquartile
range, and categorical data were recorded as numbers and per-
centages. Between-group differences of continuous variables
were tested for significance using Student’s t-test or the Wil-
coxon rank test. A y’-test was used for categorical data.
Receiver operating characteristic curves were made to find
the optimal cut-off value of vibration perception threshold to
prompt DPN under three different gold standards. The sensitiv-
ity, specificity, positive predictive value and negative predictive
value (NPV) of cut-off value were also calculated. Areas under
the receiver operating characteristic curves (AUC) were used to
show the performance of VPT in predicting clinician-diagnosed
DPN, confirmed DPN or abnormal nerve conduction. Gener-
ally, an AUC value of 0.5 indicates no better than chance,
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values between 0.70 and 0.79 indicate fair performance, values
between 0.80 and 0.89 indicate good performance, and values
>0.9 indicate excellent test performance’*. Additionally, as
VPT >25 V was used as the diagnostic criteria for DPN in
many previous studies’ "7, the sensitivity, specificity, positive
predictive value and negative predictive value of VPT >25 V
were also calculated in the present study to compare the perfor-
mance of the optimal cut-off value and VPT >25 V on DPN
diagnosis.

Statistical significance was accepted as a two-sided test with
an alpha level of 0.05.

RESULTS

Among the 421 participants included in the present study,
DPN prevalence was highest when defined by clinician-diag-
nosed neuropathy (53.9%). DPN defined by abnormal nerve
conduction and confirmed DPN were present in 43.2 and
42.0% of all participants, respectively.

Characteristics of participants based on the status (yes/no) of
clinician-diagnosed DPN are shown in Table 1. Participants
with clinician-diagnosed DPN were more likely to be older,
men, smokers and alcohol drinkers, and to have higher BMI,
longer diabetes duration and a higher risk of having hyperten-
sion. The median level of VPT was higher among individuals
with DPN versus without DPN (all P < 0.001), no matter which
definition of DPN was taken as a gold standard (Figure 1).
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VPT was a relatively specific predictor for all three groups
of DPN outcomes (Table 2), with the highest specificity
noted for clinician-diagnosed DPN (85.1%). The specificity of
VPT to predict abnormal nerve conduction and confirmed
DPN was 77.0 and 76.6%, respectively (Table 2). For all the
three groups, the sensitivity of VPT was similar and reached
approximately 70% (67.0% for clinician-diagnosed DPN,
66.5% for abnormal nerve conduction, 67.2% for confirmed
DPN; Table 2). The optimal cut-off threshold for clinician-di-
agnosed DPN, abnormal nerve conduction and confirmed
DPN was VPT >145V, VPT >149 V and VPT >149V,
respectively (Table 2). If VPT >14.9 V was considered as the
cut-off value for clinician-diagnosed DPN, the specificity
would increase to 85.6% despite a slight decrease of the sen-
sitivity (66.2%).

Receiver operating characteristic curves were used to show
the performance of VPT against all three groups of DPN out-
comes. Figure 2 shows the relationship between the true posi-
tive rate (sensitivity) and the false positive rate (1-specificity)
for various VPT wvalues to predict clinician-diagnosed DPN
(Figure 2a), abnormal nerve conduction (Figure 2b) and con-
firmed DPN (Figure 2c). On a basis of the different definitions
of DPN, the AUC of VPT ranged from 0.761 to 0.804 — which
indicated fair-to-good performance — were lowest for abnormal
nerve conduction and were highest for clinician-diagnosed
DPN.

Table 1 | Demographic and biochemical characteristics according to clinical diagnosed diabetic polyneuropathy status

Characteristics Clinician-diagnosed diabetic polyneuropathy
No Yes P-value

n %) 194 (46.1) 227 (539)
Age (years) 543+ 158 621+ 134 <0.001
Sex, male (%) 103 (53.0) 149 (65.6) 0.009
Race (%)

Han Chinese 187 (964) 219 (96.5) 096

Non-Han Chinese 7 (36) 8 (3.5
Smoking (%) 67 (345) 103 (454) 002
Alcohol consumption (%) 64 (33.0) 109 (48.0) 0002
Diabetes duration, year 6.0 (1.0-11.0) 100 (53-17.0) <0.001
Hypertension (%) 91 (46.9) 140 (61.7) 0002
BMI (kg/mz) 250+ 40 243 + 34 0.049
SBP (mmHg) 1275 £ 183 1325+ 210 0.010
DBP (mmHg) 813+ 120 803 £ 121 040
FPG (mmol/L) 74 (58-94) 76 (6.2-10.1) 015
HbA1c (%) 86+ 24 90+ 23 0.1
TC (mmol/L) 43 £ 1.1 42 £ 1.1 0.08
TG (mmol/L) 15 (09-22) 13 (09-20) 025
LDL-C (mmol/L) 25+ 09 24+ 09 0.25
HDL-C (mmol/L) 12+ 04 1204 082
Abnormal nerve conduction (%) 5(26) 177 (780) <0001

BMI, body mass index; DBP, diastolic blood pressure; FBG, fasting blood glucose; HbA1c, glycosylated hemoglobin; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride.
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Figure 1 | Vibration perception threshold levels by clinician-diagnosed diabetic polyneuropathy (DPN), abnormal nerve conduction and confirmed
diabetic polyneuropathy status.

Table 2 | Performance of vibration perception threshold testing on the great toe

Case/n Associated criterion  Sensitivity (%) Specificity (%) PPV (%) NPV (%) Kappa
Clinician-diagnosed diabetic polyneuropathy — 228/421  >145 V' 670 (604-73.0) 1(792-898) 840 68.7 052
Clinician-diagnosed diabetic polyneuropathy ~ 228/421  >149 V 66.2 (59.5-72.2) 856 (798-902) 84.1 67.8 052
Clinician-diagnosed diabetic polyneuropathy ~ 228/421  >25V 436 (371-503) 964 (92.7-985) 934 594 052
Abnormal nerve conduction 181/421  >149 VI 66.5 (59.1-733) 770 (71.1-822) 687 751 043
Abnormal nerve conduction 1817421 >25V 484 (409-559) 925 (884-955) 830 702 043
Confirmed diabetic polyneuropathy 177/421  >149 672 (598-74.1) 766 (708-818) 676 763 044
Confirmed diabetic polyneuropathy 177/421  >25V 492 (416-568) 922 (881-952) 821 714 044

The optimal cut-off threshold. NPV, negative predictive value; PPV, positive predictive value; VPT, vibration perception threshold.

DISCUSSION
In the current study, we found that VPT obtained with the
neurothesiometer had relatively high specificity of diagnosing
DPN, even if different definitions of DPN were taken as refer-
ence gold standards. Thus, it was also a reliable measure of
DPN in the Chinese population as in the Western population'*.
When taking the clinician-diagnosed DPN as the gold standard,
the performance of VPT for diagnosing DPN was best with
values of AUC >0.8. Although different gold standards were
applied in the study, VPT >14.9 showed high sensitivity and
specificity under all these gold standards.

Vibration perception threshold as a traditional method can
be used to easily and accurately identify DPN in clinic or pri-
mary care'’. It could reflect impairment of large nerve fibers

and provide evidence for diagnosis of DPN**. Previously, some
studies reported that VPT testing was a sensitive measure in
the diagnosis of DPN>*°, For example, among patients with
type 1 diabetes, the results from the Diabetes Control and
Complications Trial/Epidemiology of Diabetes Interventions
and Complications study showed that the sensitivity of VPT to
predict clinician-diagnosed neuropathy, abnormal nerve con-
duction and confirmed DPN was 80%, 75 and 87%, respec-
tively”. In the present study, however, the specificity of VPT
was more notable than the sensitivity for diagnosing DPN, par-
ticularly clinician-diagnosed DPN. Likewise, a pilot study in
Indian patients with type 2 diabetes mellitus showed that the
specificity of VPT for neuropathy detection got to 89.7-92.6%,
but the sensitivity only was 62.5-50%, irrespective of the VPT
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Figure 2 | Receiver operating characteristic curve for the accuracy of
vibration perception threshold testing at the great toe for (a) clinician-
diagnosed diabetic polyneuropathy, (b) abnormal nerve conduction
and (c) confirmed diabetic polyneuropathy.

cut point for diagnosing DPN?’. Previous studies showed that
there was a physiological increase in VPT with age, which
could result in a higher cut point of VPT for diagnosing
polyneuropathy in an older population®®, In the present study,
we further assessed optimal cut points and performance of
VPT according to two age classes: <65 and >65 years. As
expected, compared with overall research participants, the
elderly (aged >65 years) had higher cut points of VPT (23.0 V
or 259 V) for diagnosing DPN, whereas the young-middle
(<65 years) had lower cut points of VPT (12.7 V or 12.8 V)
for diagnosing DPN, irrespective of different reference gold
standards (Table S1). However, the sensitivity of VPT for neu-
ropathy detection was reduced in the elderly, even if the change
of the sensitivity of VPT in the young-middle was unremark-
able, compared with overall research participants (Table S1).
Therefore, the sensitivity of VPT for diagnosing DPN might
decrease with increasing age. In addition, DPN severity showed
a negative association with the sensitivity of VPT in the previ-
ous literature”>*’. The VPT obtained with the neurothesiometer
was more sensitive for the diagnosis of DPN in individuals with
mild neuropathy™. However, we did not stratify the partici-
pants according to DPN severity in the present study. Thus, it
remains unknown whether the relatively low sensitivity of VPT
was associated with relatively severe DPN in our study, which
needs to be further studied.

Interestingly, the present study found that the performance
of VPT for diagnosing DPN was best when considering the
presence of a combination of neuropathic symptoms and any
abnormality of five signs of neuropathy, namely clinician-diag-
nosed DPN, as the gold standard. Whereas taking abnormal
nerve conduction as the gold standard, the lowest AUC value
(0.761) of VPT was observed in the study. In contrast, Martin
et al”® reported that VPT testing for predicting confirmed
DPN had the best performance with an AUC value of 0.800,
whereas an AUC value of VPT for predicting clinician-diag-
nosed DPN was lowest (0.745). These discrepancies might be
attributed to different types of diabetes in study participants
and different devices used to assess VPT>>’!. Despite these
inconsistent results, as a traditional method for diagnosing
DPN, the cut-off value of VPT testing, which was recom-
mended and frequently used'****, was obtained based on
abnormal nerve conduction as the gold standard. However,
many patients initially present with symptoms and signs of
small-fiber neuropathy, but without abnormal nerve conduc-
tion”. Abnormal nerve conduction usually reflects the DPN in
the later stage®. Therefore, use of abnormal nerve conduction
as the gold standard might produce a high cut-off value of
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VPT, which would be inclined to miss part of DPN at the early
stage and reduce the performance of VPT. Among patients
with type 2 diabetes mellitus, whether clinician-diagnosed DPN
rather than other definitions of DPN is a more appropriate
gold standard to assess the performance of VPT remains con-
troversial and requires further large-sized observational studies
to provide more evidence.

In previous studies, the VPT cut point of 25 V was generally
for diagnosing DPN and predicting foot ulceration'**>**3>%,
The criterion was established based on the risk of foot ulcera-
tion in patients with diabetes, but without lower limb ische-
mia®. Among these patients, as DPN was the major
pathogenic mechanism of the development of food ulceration,
VPT >25 V was also used as the diagnostic measure for DPN
in subsequent studies’>***®, Given that foot ulceration is usually
a consequence of peripheral neuropathy with a long-time
course”, however, DPN at the early stage might be easily
missed according to the diagnostic measure of VPT >25 V.

The results from the present study also showed that the sen-
sitivity of VPT >25 V for diagnosing DPN was relatively low
(43.6-49.2%). In the current study, the optimal cut-off thresh-
old for clinician-diagnosed DPN, abnormal nerve conduction
and confirmed DPN was VPT >145V, VPT >149 V and
VPT >14.9 V, respectively. Even if a VPT value of >149 V
was taken as the cut-off value for clinician-diagnosed DPN,
only slight changes in sensitivity and specificity were noted
compared with the optimal cut-off threshold. All these cut-off
values approach a VPT >15 V, which was defined as impaired
vibration perception in other ethnic groups'®'**. Therefore, a
VPT value of >15 V should be equally applicable for diagnos-
ing DPN in a Chinese population.

Generally, DPN was present in approximately 50% of indi-
viduals with diabetes>*!. Similarly, the prevalence of DPN was
53.9% in the present study. Furthermore, compared with those
without DPN, participants with DPN were older, had longer
diabetes duration, and there were higher proportions of smok-
ers and alcohol drinkers, and were likely to have hypertension,
which are well-established risk factors of DPN development, as
reported in previous studies*>*’. These suggested that the study
population enrolled in the present study was at low risk of
selection bias.

Several limitations of the present study deserve mention.
First, it was a cross-sectional study, failing to observe the
long-term outcome of DPN in patients with high VPT. Thus,
further prospective cohort studies are warranted to assess if
the optimal cut-off threshold of VPT is appropriate for pre-
dicting the long-term outcome of DPN. Second, the partici-
pants in the present study reside mainly in southwestern
China, possibly affecting the generalizability of the results.
Further studies are required to replicate the present findings
in a nationally representative Chinese population. In addition,
these analyses in the study did not address the association
between VPT testing and DPN severity. It might merit explo-
ration in future study.

http://wileyonlinelibrary.com/journal/jdi

In conclusion, we found that VPT measured using the neu-
rothesiometer had relatively high specificity and best perfor-
mance for diagnosing DPN when the clinician-diagnosed DPN
rather than abnormal nerve conduction was taken as the gold
standard in a Chinese population. Consistent with previous
reports'®'>*’, a VPT value of >15 V might be equally applica-
ble for diagnosing DPN in a Chinese population. In clinical
application, however, the influence of the sensory attenuation
on the sensitivity of VPT >15 V for diagnosing DPN requires
attention in the elderly population.
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