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Value of shear wave elast
ography combined with
the Toronto clinical scoring system in diagnosis of
diabetic peripheral neuropathy
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Abstract
To evaluate the diagnostic values of shear wave elastography (SWE) alone and in combination with the Toronto clinical scoring
system (TCSS) on diabetic peripheral neuropathy (DPN) in patients with type 2 diabetes mellitus (T2DM).
The study included 41 DPN patients, 42 non-DPN patients, and 21 healthy volunteers. Conventional ultrasonography and SWE

were performed on the 2 sides of the tibial nerves, and cross-sectional area (CSA) and nerve stiffness were measured. TCSS was
applied to all patients. A receiver operating characteristic curve analysis was performed.
The stiffness of the tibial nerve, as measured as mean, minimum or maximum elasticity, was significantly higher in patients in the

DPN group than the other groups (P< .05). The tibial nerve of subjects in the non-DPN group was significantly stiffer compared to the
control group (P< .05). There was no significant difference of the tibial nerve CSA among the 3 groups (P> .05). Mean elasticity of the
tibial nerve with a cutoff of 71.3kPa was the most sensitive (68.3%) and had a higher area under the curve (0.712; 0.602–0.806)
among the 3 shear elasticity indices for diagnosing DPN when used alone. When combining SWE with TCSS in diagnosing DPN, the
most effective parameter was the EMax, which yielded a sensitivity of 100.00% and a specificity of 95.24%.
SWE is a better diagnostic tool for DPN than the conventional ultrasonic parameter CSA, and a higher diagnostic value is attained

when combining SWE with TCSS.

Abbreviations: AUC = area under the curve, BMI = body mass index, CSA = cross-sectional area, DM = diabetes mellitus, DPN
= diabetic peripheral neuropathy, EMax = maximum elasticity, EMean = mean elasticity, EMin = minimum elasticity, FBG = fasting
blood glucose, HbA1c = hemoglobin A1c, kPa = kilopascal, LDL = low density lipoprotein, NDPN = nondiabetic peripheral
neuropathy, ROC = receiver operating characteristic, ROI = region of interest, SWE = shear wave elastography, T2DM = type 2
diabetes mellitus, TCSS = Toronto clinical scoring system.
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1. Introduction

Diabetic peripheral neuropathy (DPN) is one of the most
common chronic medical complications of diabetes; the preva-
lence of DPN in patients with type 2 diabetes mellitus (T2DM) is
approximately 45%.[1] Severe DPN can lead to foot ulcers,
gangrene and even amputation, which can be difficult to treat and
impair quality of life. It is worth noting that the onset of DPN in
T2DM patients can occur approximately 4 to 7years prior to
clinical diagnosis.[2] Therefore, early detection of DPN is of great
importance for diabetic patients to prevent or postpone the
negative clinical outcomes. The diagnosis of DPN is based mainly
on its symptoms and signs as well as electrophysiological
examinations. Because it yields objective and quantifiable results,
electrophysiological examination is considered to be the gold
standard in the diagnosis of DPN; however, the invasiveness, high
cost and time intensiveness of this technique have limited its
consistent use. In addition, patients with DPN commonly yield
normal results upon electrophysiological examination. This
situation is known as “subelectrophysiological DPN”.[3]

Recently, ultrasonography has been used increasingly as a
method that is complementary to electrophysiological examina-
tion in the diagnosis of DPN. Ultrasonography holds many
distinct advantages over other imaging methods in evaluation of
peripheral neuromuscular disorders. For example, it is relatively
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convenient and cost efficient, it requires zero exposure to
radiation and it provides dynamic assessment with relative
ease.[4,5]

In previous studies, diagnosis of peripheral neuropathy using
ultrasonography was mostly based on measurements of cross-
sectional area (CSA).[6] Some reports demonstrated that
enlargement of affected nerves could be attributed to the process
of attempted remyelination and resulting edema.[7] However,
previous studies demonstrated a limited applicability to diagnosis
of DPN due to the wide range of cutoff values (from 0.09–0.24
cm2) and relative low sensitivity and specificity (the sensitivity
was 73.8% and specificity 68.7% at a cutoff value of 0.13
cm2

.).
[8–10]

Shear wave elastography (SWE), on the other hand, is a new
noninvasive ultrasound method for evaluating the elastic
properties of tissues quantitatively. It has been widely used in
examination of breast, liver and prostate diseases, and there is
increasing interest in the use of SWE for the evaluation of
neuromuscular pathologies, including DPN.[11,12] Notably, nerve
stiffness tends to increase in peripheral neuropathy in a process
that is consistent with the replacement of relatively compliant
myelin with connective tissue.[12] We propose that the changes of
nerve stiffness can be detected by SWE. In addition, we propose
that SWE-mediated diagnosis can be augmented with the
Toronto clinical scoring system (TCSS), which was proposed
by Perkins et al[13] in 2001 andwhich has been used extensively in
screening and assessment of the severity of DPN. The purpose of
this study, then, was to evaluate the diagnostic usefulness of SWE
alone and in combination with TCSS in patients with T2DM.
2. Methods

The study was performed with the approval of the Ethics
Committee of the Second Affiliated Hospital of Soochow
University. Before conducting the examinations, voluntary
informed consent was obtained from each participant included
in this study.
2.1. Participants

A total of 83 T2DM patients (55 male and 28 female) were
recruited from the Second Affiliated Hospital of Soochow
University from December 2017 to December 2019, and 21
healthy volunteers (8 male and 13 female) were enrolled as
controls. The patients were divided into 2 groups based on results
of electrophysiological examination. Diabetic patients with
positive electrophysiological examination results were assigned
to the DPN group, which consisted of 41 patients. The
nondiabetic peripheral neuropathy (NDPN) group comprised
42 diabetic patients with negative electrophysiological examina-
tion results. General information of all subjects was obtained,
such as sex, age, height, weight, body mass index (BMI), and
history of smoking. In addition, the duration of history of
diabetes mellitus (DM), the albumin-to-creatinine ratio and levels
of hemoglobin A1c (HbA1c), fasting C-peptide, fasting blood
glucose (FBG), and low density lipoprotein (LDL) were recorded
for all patients.
The diagnostic criteria of DM was in accordance with the

criteria of the American Diabetes Association.[14]

The inclusion criteria for the DPN group were confirmation of
T2DM as described and confirmation of DPN by electrophysio-
logical examination. The definition of DPN was in accordance
2

with electrophysiologic criteria set by the American Association
of Neurology, the American Academy of Electrodiagnostic
Medicine, and the American Academy of Physical Medicine and
Rehabilitation: at least 1 abnormal nerve conduction study
parameter involving both the sural and peroneal nerves.[15]

The control group participants came from the population
without DM. Electrophysiological examinations were not
performed in healthy volunteers.
Exclusion criteria for all participants included the presence of

type 1DM. In addition, patients withmultiple neuropathy caused
by other reasons, such as heredity, alcohol, metabolism,
inflammation or poisoning, were excluded. Patients with a
known history of leg or ankle fracture or operation were also
excluded.
2.2. Electrophysiological examinations

All examinations were performed in the electromyography
laboratory at the Second Affiliated Hospital of Soochow
University. Routine electrophysiological examinations were
conducted with a standard electromyography system (ZET-
100, Digital Electromyography; Zhongren, Shanghai, China) and
conventional procedures. Recordings were performed at an
ambient temperature of 25°C and skin surface temperatures of 32
to 34°C.
2.3. Sonographic examinations
2.3.1. Patient positioning. All sonographic examinations were
performed within 1 week after the electrophysiological exami-
nations by a sonographer with 20 years of experience in
ultrasound and 5 years of experience in musculoskeletal
elastography. The examiner was blind to the clinical histories
and electrophysiological examination results of all subjects.
Examinations were performed in a quiet room with a constant

temperature. The positions of all subjects were standardized for
comparison. The subjects were placed in the supine position with
ankles positioned in slight plantar flexion and external rotation.
The participants were asked relax and to not move their feet or
ankles during the examination, as these motions may increase
ankle soft tissue pressure.

2.3.2. Conventional ultrasound examinations and SWE
measurements. All sonographic examinations were performed
with a 4 to 15MHz linear array transducer (Aixplorer;
Supersonic Imagine, Aix en Provence, France) under the
musculoskeletal condition. A stabilizer was used to keep the
transducer stationary during acquisitions (Fig. 1). Transverse
images of the tibial nerve were obtained at 4cm above the medial
malleolus to avoid the bifurcation of tibial nerve, while the flexor
digitorum longus, flexor pollicis longus and the posterior tibial
vessels played a role in confirming the position of the tibial nerve.
There are 2 sonographic methods for measuring CSA of the

nerve: the direct method (tracing) and the indirect method
(ellipsoid formula). The areas calculated by the direct and indirect
methods agreed to a high correlation (r=0.99); consequently, we
used the easier, direct, method by tracing the inner border of the
thin hyperechoic epineurial rim.[3] The CSA of the bilateral tibial
nerve was measured 3 times, and the average value used in
subsequent analyses. Fig. 2A illustrates the measuring of the tibial
nerve CSA of a 68-year-old female in the control group.
Following CSA measurements, the transducer was rotated 90°

to obtain a sagittal image that was parallel to the tibial nerve



Figure 1. A stabilizer was used to keep the transducer stationary during the
whole ultrasonic examinations process.
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fibers. Quantitative SWE measurements were performed by
placing a 2mm diameter region of interest (ROI) in the most rigid
part of the tibial nerve. The image was frozen when it became
steady, and the elastic modulus of the ROI was measured. The
mean (EMean), minimum (EMin), and maximum (EMax)
elasticity indices (in kilopascal [kPa]) within the ROI were then
obtained automatically with the integrated SWE software. Three
iterative SWE measurements were performed, and then EMean,
EMin, and EMax values of the tibial nerve within each ROI were
obtained by calculating the mean of 3 SWEmeasurements in each
ankle. The size of the SWE-measurement window was 2cm2. The
elastography scale was set between 0 and 600kPa for the elastic
modulus. The use of ample ultrasonic coupling gel was essential
in order to minimize the effects of compression. We still
performed reliability testing before enrollment of participants.
In fact, nearly none of the elastogram boxes had color filling
defects, at least in the tibial nerve level, which might technically
influence the precision of elasticity.
Figure 2. Sonographic findings of the tibial nerve of a 68-year-old female in cont
measure tibial nerve CSA (CSA=0.18cm2). B The longitudinal level. SWE measu
EMax=55.3kPa). CSA = cross-sectional area, EMax =maximum elasticity, EMean
TPM = tendon of tibialis posterior muscle.

3

2.4. Statistical analyses

Statistical analyses were performed with SPSS software (version
22.0; IBM). The x2 test was applied for the comparisons of
categorical variables. The Kolmogorov–Smirnov test was used
for analyses of normal distribution. Normal variables were
expressed as means± standard deviations, and the t test and one-
way analysis of variance test were used to compare variables
among 2 and 3 groups, respectively. Correspondingly, nonpara-
metric variables were expressed as medians (quartile), and the
differences were evaluated with the Mann–Whitney U test
(between 2 groups) and Kruskal–Wallis test (among 3 groups).
The Wilcoxon signed-rank test was used to compare CSA and
the stiffness of the tibial nerve between the left and right
sides. Correlations were expressed by Spearman correlation
coefficients.
Receiver operating characteristic (ROC) curves for all

parameters were obtained, and sensitivity, specificity, Yoden
index, positive predictive value, negative predictive value, area
under the curve (AUC) and the optimal cutoff value were
calculated. The AUCwas compared by a Z test. P< .05 indicated
a statistically significant difference.
3. Results

3.1. Clinical characteristics

The clinical characteristics of the subjects are summarized
in Table 1. No significant differences in the sex, age, BMI or
history of smoking were found among the 3 groups. The HbA1c
levels in the DPN group were higher than in the NDPN group
(P< .05). The differences between the courses of DM, the
albumin-to-creatinine ratio and the levels of fasting C-peptide,
FBG, and LDL were nonsignificant between the DPN and NDPN
groups.
rol group. A Tracing the inner border of the thin hyperechoic epineurial rim to
rement showed the tibial nerve stiffness (EMean=50.8kPa, EMin=43.9kPa,
=mean elasticity, EMin =minimum elasticity, SWE = shear wave elastography,
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Table 1

Baseline characteristics of study population.

Parameter CG (n=21) NDPN (n=42) DPN (n=41) P

Sex, female/male 13/8 15/27 13/28 .058
Age, yr 56.05±8.59 58.50±9.32 59.05±8.99 .453
BMI, kg/m2 23.46±2.68 24.75 (22.5, 27.05) 24.72±3.27 .065
Presence of smoking, % 23.8 33.3 51.2 .075
DM duration, years NA 8.44±5.96 9.90±6.57 .295
HbA1c, % NA 8.26±2.29 9.34±2.53 .047
ACR, mg/g NA 21.55 (12.28, 45.78) 33.25 (11.33, 15.08) .428
C-peptide, ng/mL NA 1.76 (1.12, 2.29) 1.59 (1.03, 2.40) .549
FPG, mmol/L NA 7.71 (5.78, 1.41) 7.8 (6.33, 11.47) .524
LDL, mmol/L NA 2.91±1.19 2.82±1.11 .730

Values are presented as mean± standard deviation or median (interquartile range). Statistically significant at P< .05. ACR = albumin to creatinine ration, BMI = body mass index, CG = control group, DM =
diabetes mellitus, DPN= diabetic peripheral neuropathy, FBG= fasting blood glucose, HbA1c = hemoglobin A1c, LDL= low density lipoprotein, NA= not applicable, NDPN = nondiabetic peripheral neuropathy.

Table 2

Comparison of the CSA in tibial nerve in different groups.

CSA (cm2)

LT RT P

DPN 0.22 (0.20, 0.26) 0.21 (0.17, 0.26) .46
NDPN 0.21 (0.18, 0.26) 0.20±0.05 .43
CG 0.21 (0.18, 0.23) 0.20±0.05 .76
P (DPN vs NDPN vs control) .441 .434 -

Values are presented as mean± standard deviation or median (interquartile range). Statistically significant at P< .05. CG = control group, CSA, cross-sectional area, DPN = diabetic peripheral neuropathy, LT =
left tibial nerve, NDPN = nondiabetic peripheral neuropathy, RT = right tibial nerve.
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3.2. Conventional ultrasound examinations

Bilateral comparisons showed that there was no significant
difference in the CSA of the left and right tibial nerves (P> .05).
There was also no significant difference of the tibial nerve among
the 3 groups (P> .05). These data are summarized in Table 2.
3.3. SWE measurements

In all of the 3 groups, there was no significant difference in the
elasticity of the tibial nerve between the left and right side
(P> .05). However, the DPN group had significantly higher
stiffness values than did the other 2 groups (P< .001), and the
tibial nerve of the NDPN group was also significantly stiffer than
that of the control group (P< .05). These data are shown in
Table 3. Figs. 2B, 3 and 4 demonstrated the tibial nerve SWE
image of people came from control, NDPN, and DPN group
respectively.
Table 3

Comparison of the SWE in tibial nerve in different groups.

EMean

LT RT P LT

DPN 80.50 (62.40, 99.50) 79.20 (59.15, 93.00) .66 59.10 (46.68, 77.7
NDPN 60.04±16.22 61.71±15.17 .52 44.59±15.00
CG 49.35±16.34 43.39±17.63 .26 36.47±14.29
P (DPN vs NDPN) <.001 .011 - <.001
P (DPN vs CG) <.001 <.001 - <.001
P (NDPN vs CG) .007 .008 - .026

Values are presented as mean± standard deviation or median (interquartile range). Statistically significant
EMean = mean elasticity, EMin = minimum elasticity, LT = left tibial nerve, NDPN = nondiabetic peri
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3.4. Application of TCSS

There was no significant difference in TCSS scores between the
DPN (5.27) and NDPN (5.24) groups (P> .05).

3.5. Correlation of SWE, clinical characteristics, and TCSS

The results of analyses of correlations between the stiffness and
other characteristics in the tibial nerve are shown in Table 4.
EMean was significantly correlated with TCSS (r=0.235;
P< .05) and BMI (r=0.240; P< .05). EMax was also signifi-
cantly correlated with TCSS (r=0.225; P< .05) and BMI (r=
0.240; P< .05). EMin was significantly correlated with TCSS (r=
0.282; P< .01) but not with BMI (r=�0.009; P> .05). There
existed no significant correlation between the stiffness and other
characteristics analyzed in this study (including the duration of
DM, the albumin-to-creatinine ratio and levels of HbA1c, fasting
C-peptide, FBG, and LDL). Finally, we tried to verify if there
EMin EMax

RT P LT RT P

8) 58.90 (48.40, 74.40) .81 91.45 (79.53, 115.10) 91.20 (73.75, 113.25) .48
48.96±13.29 .64 70.53±19.28 72.25±17.64 .90
31.45±16.44 .44 59.46±18.57 52.94±22.56 .52
.042 - <.001 .014 -

<.001 - <.001 <.001 -
.002 - .018 .016 -

at P< .05. CG = control group, DPN = diabetic peripheral neuropathy, EMax = maximum elasticity,
neuropathy, RT = right tibial nerve, SWE = shear wave elastography.



Figure 3. SWE image of the tibial nerve in a 59-year-old female diabetic patient
without DPN (EMean=60.1kPa, EMin=44.3kPa, EMax=86.6kPa). DPN =
diabetic peripheral neuropathy, EMax = maximum elasticity, EMean = mean
elasticity, EMin = minimum elasticity, SWE = shear wave elastography.
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existed correlation between the stiffness and the DM duration
only in DPN patients. However, no significant correlation has
been detected between the stiffness and the DM duration
(EMean: P= .452, r=0.122; EMin: P= .309, r=0.165; EMax:
Figure 4. SWE image of the tibial nerve in a 54-year-old female diabetic patient
with DPN (EMean=86.2kPa, EMin=79.5kPa, EMax=90.9kPa). DPN =
diabetic peripheral neuropathy, EMax = maximum elasticity, EMean = mean
elasticity, EMin = minimum elasticity, SWE = shear wave elastography.
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P= .564, r=0.094) (See Table S1, Supplemental Digital Content,
http://links.lww.com/MD/G381).
3.6. The accuracy of SWE alone and in combination with
TCSS for diagnosing DPN

The ROC curve analysis for the diagnosis of DPN based on SWE
are shown in Fig. 5. The following cutoff values corresponded to
the highest diagnostic accuracy: 71.3kPa, 63.0kPa, and 93.0kPa
for the mean, minimum, and maximum elasticity of the tibial
nerve, respectively. Table 5 summarizes sensitivity, specificity,
Yoden index, positive and negative likelihood ratio, and the AUC
when using the optimal cutoff values. Clearly, EMean of the tibial
nerve, with the cutoff of 71.3kPa, was the most valuable
predictor in terms of sensitivity (68.3%) and AUC 0.712 (0.602–
0.806). EMin and EMax of the tibial nerve demonstrated similar
sensitivities.
Table 5 also summarizes the sensitivity, specificity, Yoden

index, and positive and negative likelihood ratios when the
optimal cutoff elasticity values were used in combination with
TCSS to diagnose DPN.When the criteria of TCSS or the EMean
from SWE for a DPN diagnosis were met, the sensitivity,
specificity, Yoden index, positive likelihood ratio, and negative
likelihood ratio were 100.00%, 80.95%, 0.895%, 5.250%, and
0.000%, respectively. When TCSS was combined with EMin
from SWE, these values were 100.00%, 90.48%, 0.905%,
10.500%, and 0.000%. When TCSS was combined with the
EMax from SWE, these values were 100.00%, 95.24%, 0.952%,
21.000%, and 0.000%.
4. Discussion

DPN is a common complication of diabetes; it occurs in
approximately 30% to 50% of diabetic patients. And it is
generally accepted that the duration of diabetes plays amajor role
in the pathogenesis of DPN. As a result, we explored the
correlation between the stiffness and the DM duration (whether
or not he is a DPN patient) using Spearman correlation test.
However, there existed no significant correlation between the
stiffness and the DMduration in this study.We also tried to verify
if there existed correlation between the stiffness and the DM
duration only in DPN patients. However, no significant
correlation has been detected between the stiffness and the
DM duration either.
Consequently, we concluded that there existed no significant

correlation between the stiffness and the DM duration in this
study regardless of DPN history. This finding was compatible
with a previous similar study,[16] which reported that the
duration of diabetes mellitus was not associated with the
elasticity of the tibial nerve. Nonetheless, there still have been
some mixed results. Jiang et al[17] demonstrated that the duration
of diabetes (r=0.23–0.27) were slightly significant associated
with elasticity indices by Spearman correlation coefficient.
Patients in Jiang et al[17] had a longer duration of diabetes than
those in Ishibashi et al[16] and our study (mean, 15.0years vs 9.7
years and 9.9years). It is unclear now that if longer duration of
diabetes corresponds to stiffer tibial nerve more than 1 particular
duration of diabetes. And also, more than 1 factor have potential
influence on the elasticity of the tibial nerve, eg, age [16] and height
[17] of patients. The points mentioned above could be the
potential cause of the difference between the various study
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Table 4

Correlation between the stiffness and characteristics in the tibial
nerve.

Parameter Correlation coefficient

EMean EMin EMax

BMI 0.240
∗ �0.009 0.240

∗

DM duration 0.056 0.060 0.091
HbA1c 0.041 0.037 �0.007
ACR 0.081 0.008 0.012
C-peptide 0.076 0.031 0.084
FBG 0.011 �0.039 0.029
LDL �0.010 �0.032 0.004
TCSS 0.235

∗
0.282

∗∗
0.225

∗

ACR = albumin to creatinine ration, BMI = body mass index, DM = diabetes mellitus, EMax =
maximum elasticity, EMean = mean elasticity, EMin = minimum elasticity, FBG = fasting blood
glucose, HbA1c = hemoglobin A1c, LDL = low density lipoprotein, TCSS = Toronto clinical scoring
system. The elasticity of the tibial nerve was compared with the participant’s BMI, DM duration, HbA1c
level, ACR, C-peptide, FBG, LDL, and TCSS by Spearman correlation coefficients.
∗
P< .05.

∗∗
P< .01.
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results. As a consequence, more studies are indispensable to make
more consistent conclusions in the near future.
Electrophysiological examinations remain the cornerstone of

the diagnosis of neuropathy, providing detailed information
about the dysfunction of affected nerves. However, they are time-
consuming and are not tolerated well as repeated evaluations.[18–
20]

Ultrasonography has been extensively utilized in diagnosing
many forms of peripheral nerve disorders, such as the carpal
tunnel syndrome, for it can provide reliable morphological
information and can allow clinicians to clearly visualize the
location and range of the lesion.[10,21] However, it has been
limited in the assessment of DPN. In previous studies, ultrasound
diagnosis of peripheral neuropathy was based mainly on CSA
measurement.[3,22] Generally, CSA of the nerves in DPN patients
are commonly thought to be larger than those in healthy
individuals; however, in an earlier study, Hobson-Webb et al[7]
Figure 5. ROC curve for the diagnosis of DPN based on SWE. DPN = diabetic
peripheral neuropathy, ROC = receiver operating characteristic, SWE = shear
wave elastography.
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found that there was no significant difference in CSA between
DPN patients and patients in a normal control group, which was
consistent with us. For the above paradoxical findings, we were
considering another ultrasound method-SWE-to evaluate DPN.
As a noninvasive ultrasound evaluation technique, SWE can

evaluate the stiffness of tissues quantitatively.[23] Elastography
has been applied to evaluate several musculoskeletal tissues and
related injuries, including the rotator cuff tendon[24] and
pertinent disorders and chronic myofascial pain.[25] SWE is
predominantly used in evaluating liver fibrosis and differentiating
malignant and benign tumors, but its use in peripheral
neuropathies has lagged.[12] The shear waves that characterize
SWE are generated by an acoustic radiation force impulse or
controlled external vibration after tissue excitation, and the
velocity of the shear wave is related to tissue stiffness, with stiffer
tissues associated with faster shear wave propagation.[12] As a
result, SWE can assess tissue elasticity more objectively than
strain elastography, which quantifies structure displacement
under the manual stress exerted by the operator.[26]

Recently, SWE has been applied to the field of neuromuscular
research, including studies in carpal tunnel syndrome, neuropa-
thy of the median and ulnar nerves, peripheral polyneuropathy
and other disorders.[12,27,28] Previous studies have measured the
median nerve stiffness by this means in patients with carpal
tunnel syndrome;[29] however, assessment of DPN with elastog-
raphy has been limited. Thus, we explored the diagnostic value of
SWE in patients with T2DM and found that the DPN group
demonstrated a significantly higher tibial nerve stiffness as
compared with healthy patients and as compared with T2DM
patients without DPN. This finding was in agreement with the
findings of Ishibashi et al[16] which indicated that measurement of
nerve stiffness by way of SWE can reflect the nerve changes in
DPN patients indirectly.
Several pathophysiological mechanisms may account for the

increased tibial nerve stiffness in DPN patients. It is generally
believed that DPN arises from a process in which edema within
the nerve fascicle increases intraneural pressure, increasing the
stiffness of the nerve. The increased stiffness leads to further
compression of the microvasculature and the reduction of blood
flow. These changes have been shown to play an important
etiologic role in DPN, and they lead to focal demyelination and
axonal degeneration with the fibrotic response,[30,31] and then
result in the proliferation of scar tissue and an increase in the
speed of shear wave propagation in the tibial nerve.[17,26] These
mechanisms have been investigated by studies both in diabetic
patients and in rats.[32,33]

The stiffer tibial nerve in the NDPN group relative to that of
control patients illustrates that increases of the stiffness of the
tibial nerve may appear earlier than can be seen in abnormal
electrophysiological examinations. DPN is prone to be confined
to small nerve fibers in the early part of the course of the disorder,
while electrophysiological examination mainly detects the
changes of the large nerve fibers.[34,35]. Despite normal
electrophysiological examination results, these diabetic patients
may have already suffered some nerve damage.[32] Therefore,
SWE has potential value in the early detection of subelectro-
physiological DPN, in which some nerve changes have occurred
but electrophysiological examination remains negative. Early
diagnosis of DPN is essential in that it allows for initiating
treatment at the earliest stages of DPN with subsequent
minimization of future complication, which decrease both
short-term and long-term morbidity.[34,36,37]



Table 5

Sensitivity, specificity, Yoden index, positive, and negative likelihood ratio according to cutoff values.

Cutoff value (kPa) TCSS (score) Sensitivity (%) Specificity (%) Yoden index LR(+) (%) LR(�) (%) AUC

EMean 71.3 68.3 73.8 0.4210 2.61 0.43 0.712
EMin 63.0 43.9 90.5 0.3438 4.61 0.62 0.673
EMax 93.0 48.8 90.5 0.3926 5.12 0.57 0.706
TCSS 4.0 56.1 38.1 0.0580 0.91 1.15 0.518
EMean+TCSS - 100.0 81.0 0.8950 5.25 0.00 -
EMin+TCSS - 100.0 90.5 0.9050 10.50 0.00 -
EMax+TCSS - 100.0 95.2 0.9520 21.00 0.00 -

AUC = area under the receiver operating curve, EMax = maximum elasticity, EMean = mean elasticity, EMin = minimum elasticity, LR(�) = negative likelihood ratio, LR(+) = positive likelihood ratio, TCSS =
Toronto clinical scoring system.
EMean VS EMin: AUC 0.712 VS 0.673; Z = 1.184; P =.2363.
EMeanVS EMax: AUC 0.712 VS 0.706; Z = 0.442; P =.6586.
EMinVS EMax: AUC 0.673 VS 0.706; Z = 0.838; P =.4020.
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According to the ROC curve analysis, we found that the AUC
of the EMean of the tibial nerve with the optimal cutoff value of
71.3kPa was 0.712 (95% CI 0.602–0.806), with a sensitivity of
68.3% and a specificity of 73.8%. Beyond the EMean of the tibial
nerve, we also examined the diagnostic value of the minimum and
maximum elasticity of the tibial nerve using the ROC curve
analysis. Clearly, the EMean of the tibial nerve was the most
sensitive and most effective according to the AUC.With regard to
specificity, EMin and EMax of the tibial nerve were almost equal.
In an earlier study,[17] among the 3 different SWE elasticity
indices (EMean, EMin, and EMax) used in the diagnosis of DPN,
a cutoff of 45.7kPa on EMin had the highest sensitivity (74.0%)
and AUC 0.867 (0.808–0.913), while EMean had a better
specificity (95%) with the threshold of 60.1kPa. Different sample
sizes, operators, and machines may contribute to the differences
in results between our study and others. In addition, in our study,
the electrophysiological examination results were considered as
the only criteria in the diagnosis of DPN; DPN symptoms and
signs were not included. As a result, some subelectrophysiological
patients were grouped intoNDPN group rather thanDPN group,
resulting in a higher overall cutoff value. In addition, our controls
were recruited randomly from the outpatients of the Second
Affiliated Hospital of Soochow University, and we only excluded
patients with a history of DM, multiple neuropathy unrelated to
DM or a history of leg or ankle fracture or operation. They were
not evaluated for the presence of thyroid disorders and
hyperlipidemia which may also had some influence on the tibial
nerves.[17,38] And also, we did not previously consider
electrophysiological examinations of these patients. All of these
reasons may play important roles in the variable outcomes of
different studies.
TCSS is widely used in evaluating the function of peripheral

nerves, especially in the alienation or elimination of small nerve
fibers. In the early stages of DPN, small nerve fibers tend to be
damaged, so TCSS is suitable for early screening of DPN. In our
study, a correlation analysis was carried out between tibial nerve
stiffness and TCSS. It was found that there was a positive
correlation between the tibial nerve stiffness and TCSS: the
coefficients of correlation with TCSS were 0.235, 0.282, and
0.225 for the EMean, EMin, and EMax, respectively. We suggest
that SWE may also detect the damage of small nerve fibers in the
early stages of DPN-subelectrophysiological DPN, which is in
line with our results.
When combining SWE with TCSS in the diagnosis of DPN, the

most effective parameter was the EMax of the tibial nerve on the
7

basis of the cutoff values noted above. This combination yielded a
sensitivity of 100.00% and a specificity of 95.24%, compared
with 100.00% and 80.95% with the EMean and 100.00% and
90.48%with the EMin. We found that the sensitivity, specificity,
Yoden index, and positive likelihood ratio were significantly
improved in the diagnosis of DPN compared with SWE alone.
These results suggest that the combination can significantly
improve the diagnostic values and can be used as an effective
auxiliary means for improved diagnosis of DPN.
We acknowledge several limitations to this study. First,

patients with type 1 DM were not enrolled in this study due
to its relatively low incidence, and the number of DPN patients
was also limited. We plan to explore differences in the
sonographic findings between the 2 different types of DM in
the near future. Second, as a multiple peripheral nerve disease,
DPN may affect many more peripheral nerves in addition to the
tibial nerve, such as the median and sural nerve; investigation of
other nerves and parts of the same nerve will be performed
shortly. Furthermore, we have not yet conducted a follow-up
study of the NDPN patients to determine how long it took for
them to develop neuropathy. Finally, because nerve biopsies were
not performed, we could not identify changes of DPN stiffness
from a pathological point of view.
5. Conclusions

Tibial nerve stiffness is markedly higher in T2DM patients with
and without DPN. SWE is a better diagnostic tool for DPN than
the conventional ultrasonic parameter CSA, and SWE has a
potential role in detecting subelectrophysiological DPN. Among
the 3 SWE elasticity indices, EMean has the highest accuracy for
identifying DPN alone, but a higher diagnostic value is acquired
when combining EMax with TCSS.
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