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Background: Our study investigates the feasibility of using quantitative evaluation for nerve entrapment 
visualization by shear wave elastography (SWE) in diabetic rats.
Methods: A total of 24 male Sprague-Dawley (SD) rats were included in this study. Before injection of 
streptozotocin (STZ), the experimental groups were assigned as the diabetic nerve compression (DNC) 
group (DNC, n=18) and the control group (CON, n=6). The DNC model was created by wrapping a 
silicone tube around the nerve, and then the DNC group was divided into the DNC 2-week (DNC2W, 
n=6), 4-week (DNC4W, n=6), and 8-week (DNC8W, n=6) groups according to the different duration time 
of sciatic nerve compression. The nerve stiffness was detected by SWE. Meanwhile, motor nerve conduction 
velocity (MNCV) was detected. These 2 indicators and histology of sciatic nerves were compared across the 
different groups.
Results: The stiffness of the nerve depicted by SWE at the compression site increased markedly along with 
the duration time of compression (P<0.01). The MNCV decreased along with the duration time of nerve 
compression (P<0.05). The nerve stiffness depicted by SWE was negatively correlated with MNCV (r=−0.926; 
P<0.01). Myelinated fiber density significantly decreased as the duration time of nerve compression increased 
(P<0.01). Some differences were found between DNC4W and DNC8W groups, and CON and DNC2W 
groups (P<0.05) in average axon diameter, myelin sheath thickness, and g ratio.
Conclusions: The increased values of SWE, along with the increased duration of nerve compression, 
could reflect the severity of nerve entrapment in diabetic rats. Therefore, SWE may be used as a noninvasive 
and effective method to quantitatively evaluate the severity of diabetic nerve entrapment.
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Introduction

Diabetic peripheral neuropathy (DPN) is one of the most 
common complications of diabetes mellitus (DM). DPN 
presents a variety of issues, which include sensory and motor 
dysfunctions, resulting in substantial morbidity, disability, 
and mortality, such as reduplicative lower extremity 
infections, ulcers, and amputation (1). It is reported that up 

to 50% of diabetic patients suffer from painful symptoms of 
diabetic neuropathy, resulting in a decline in the quality of 
life and being a burden to the economy (2,3). 

Chronic nerve entrapment is a clinical disease occurring 
more commonly in diabetic neuropathy patients than 
in nondiabetic patients (4). It is particularly apparent 
with carpal tunnel syndrome (CTS), as about 20–30% of 
diabetic neuropathy patients have accompanying CTS 
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(5,6). On the basis of the double-crush concept, which 
states that nerves subjected to metabolic or mechanical 
compressions at one site are more prone to experience 
compression at another site, DM patients are more 
susceptible to nerve entrapment (7). Dellon reported 
the first application of decompression surgery in the 
treatment of peripheral compression nerve in diabetics (8).  
Surgical nerve decompression may be a useful method 
for alleviating neuropathic symptoms and reducing 
the incidence rate of correlative complications (9). 
Nevertheless, the decompression surgery for CTS may be 
required at 4 times higher frequency in diabetic patients 
than in the average population (10). Therefore, multiple 
quantitative evaluations of diabetic nerve entrapments are 
inevitable.

Electrophysiological exams have been customarily 
used to evaluate diabetic neuropathy or CTS in diabetes 
before decompression surgery (11,12). However, it is 
time-consuming and painful for patients. Shear wave 
elastography (SWE) is purportedly a noninvasive technique 
that can reflect the elasticity of tissue by the propagation 
of shear waves. The velocity of the shear wave in the tissue 
increases with the rise of tissue stiffness (13). Some studies, 
in which SWE was used to evaluate the diabetic neuropathy 
or CTS, have reported that the increase in stiffness of the 
nerve can be reflected by SWE (14-16). Nevertheless, there 
have been no pathological results obtained to verify the 
accuracy of nerve stiffness measured by SWE in diabetic 
nerve compression. Furthermore, whether the higher 
velocity of the shear wave can help to grade the severity of 
nerve entrapment in diabetes is also unclear. 

Given these deficiencies in research, this study aimed to 
verify the effectiveness of SWE in the evaluation of nerve 
entrapment of diabetic rats and to investigate further the 
relationship between nerve stiffness depicted by SWE and 
the pathological and functional changes of the sciatic nerve. 

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-19-4534).

Methods

Animals and groups

A total of 24 male Sprague-Dawley (SD) rats (Beijing 
Vital River Laboratory Animal Technologies Co. Ltd, 
China) aged 8 weeks and weighing 250–300 g were used in 
this study; 6 normal SD rats were selected as the control 

group (n=6), and 18 SD rats were selected as the diabetic 
group; then, according to the different periods after nerve 
compression of the left hind limb, they were further divided 
into subgroups of nerve compression for 2 weeks (DNC2W, 
n=6), 4 weeks (DNC4W, n=6) and 8 weeks (DNC8W, n=6). 
Meanwhile, the contralateral sciatic nerves were evaluated 
by SWE at 2, 4, and 8 weeks. All experimental procedures 
involving animals were approved by the Institutional Animal 
Care and Use Committee of Peking University People’s 
Hospital (2017PHC061).

Model establishment of diabetic sciatic nerve compression 

All SD rats were placed in the specific pathogen-free 
experimental environment for 7 days for acclimation. The 
rats of diabetic group were fed with a high-glucose high-
fat diet for 4 weeks, and then given a single intraperitoneal 
injection of streptozotocin (STZ) (Sigma Chemical Co., 
USA) 40 mg/kg. Seven days after the STZ administration, 
rats with random blood glucose concentrations higher than 
16.7 mmol/L were designated to the diabetic group (17).  
Before surgery, intraperitoneal induction of ketamine  
(60 mg/kg) was performed for anesthesia. The sciatic nerve 
of the left hind limb was exposed. Then, the sciatic nerve 
was surrounded by a silicone tube at the middle third of 
the sciatic nerve (18). The length of the silicone tube was 1 
cm, and the inner diameter was 1.2 mm. A longitudinal slit 
was made in the silicone tube that permitted the operator 
to open the tube with the arms of dissecting scissors so 
that the tube could slide directly around the nerve with 
minimal trauma. The silicone tube was fixed with 6-0 
nylon sutures to avoid sliding. All the surgical procedures 
were performed by the same manipulator to avoid inter-
operator influence. Also, all the surgical procedures were 
subjected to the principles of aseptic operation. 

SWE examination

All SWE examinations were performed by using a 20 MHz 
linear-array transducer (SuperSonic Imagine, France). Rats 
were anesthetized by intraperitoneal injection of ketamine 
(60 mg/kg). Before the examination, the silicone tube and 
inflammatory tissue surrounding the sciatic nerve were 
removed gently to ensure the integrity of the nerve. SD 
rats were lying in the lateral position, with the hind limb 
relaxed. The nerve was scanned in the vertical section. 
SWE was performed with care to avoid a compression 
effect of the transducer. The region of interest size was 
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fixed to 0.01 cm2 in all cases, and the border of the sample 
frame was placed inside the nerve epineurium. The SWE 
of nerves was measured 3 times at the compression site 
to increase reproducibility, with the average value being 
chosen for the following analysis. All study groups were 
independently examined by 2 operators, who had over  
5 years of experience in ultrasound examination. Operator 
2 repeated elastography measurements with the same 
method but was blind to the results of Operator 1.

Electrophysiological studies 

Rats were anesthetized with ketamine by intraperitoneal 
injection (60 mg/kg). Motor nerve conduction velocity 
(MNCV) of the sciatic nerve was measured using a 
TECA Synergy electronic medical instrument (VIASYS 
Healthcare, USA) at 2, 4, and 8 weeks post-compression in 
the diabetic group and the control group. The stimulating 
electrode was placed on the proximal and distal sides of the 
compression area of the sciatic nerve (stimulation duration, 
0.1 ms; frequency, 1 Hz; stimulus intensity, 0.12 mA). 
The reference recording electrode was inserted into the 
quadriceps femoris, and the recording electrode was placed 
on the tibialis anterior muscle.

Histological and quantitative morphometry of the sciatic 
nerve 

Nerve samples were evaluated via transmission electron 
microscopy analysis at 2, 4, and 8 weeks after compression 
in rats of the diabetic and control groups. The specimens 
of sciatic nerves were fixed in 3% glutaraldehyde in 0.1 M 
phosphate buffer (PB) (pH, 7.4) at 4 ℃ overnight. Then, 
they were post-fixed in 1% OsO4 (Sigma Chemicals Co., 
USA) in PB for 2 h, dehydrated in a graded increasing 
series of alcohol and propylene oxide (Electron Microscopy 
Sciences, Hatfield, PA, USA), embedded in resin (Durcupan, 
ACM-Fluka, Switzerland), and polymerized at 60 ℃. 
Semithin transections (1 μm) were obtained using an 
ultramicrotome (MT 6000-XL, RMC, Tucson, Arizona) 
and stained with 1% toluidine blue (Merck, Germany) in 
1% sodium tetraborate (Ecibra, Brazil). Semi-thin sections 
were observed under a light microscope (1,000×) (Olympus 
BX51, Japan) to assess the myelinated fiber density (number 
of fibers/mm2). Next, the resin-embedded tissues were cut 
into ultrathin sections (50 nm) and double-stained with 
uranyl acetate and lead citrate. After dehydration with 
ethanol and acetone, the samples were observed under 

transmission electron microscopy (2,550×) (Fei Tecnai 
G2 F20, USA) to assess myelin sheath thickness (μm) and 
g ratio (axon diameter/fiber diameter, a measurement 
of the degree of myelination). All data of quantitative 
morphometry mentioned above were estimated according to 
the previous method (19,20), using the measuring software 
of the Image Plus Pro 6.0. A single investigator blinded to 
the samples performed the morphometric analysis.

Statistical studies

Statistical analysis was performed using SPSS (22.0). All 
data were presented as the mean ± standard deviations. The 
Anderson-Darling normality test was used for the evaluation 
of normal distribution. A comparison between groups was 
performed using one-way analysis of variance (ANOVA) 
followed by Bonferroni test or Tamhane’s T2 test. Pearson’s 
correlation analysis was used to investigate the relationship 
between the SWE and MNCV results. The interobserver 
agreement of the values of SWE was determined by the 
intraclass correlation coefficient (ICC).

Results

The mean values of nerve stiffness evaluated by SWE at 
2, 4, and 8 weeks after nerve compression in rats of the 
diabetic groups shown in Table 1 and Figure 1; the stiffness 
of the nerve at the compression site increased markedly as 
did the duration time of compression (P<0.01). The data 
for the contralateral sciatic nerve of DNC2W, DNC4W, 
and DNC8W are also shown in Figure 1 and Table 1, and 
no differences were found in the comparison with the 
control group (P>0.05). There was excellent interobserver 
consistency of SWE. The consistency value for the elasticity 
was 0.978. The fasting blood glucose concentrations of 
diabetic rats at 2, 4, and 8 weeks was 21.0±3.10 mmol/L, 
22.5±3.02 mmol/L, and 22.8±3.25 mmol/L respectively, and 
there was no significant difference between the 3 groups 
(P>0.05).

The MNCV of  CON, DNC2W, DNC4W, and 
DNC8W was  64 .83±3 .65  m/s ,  42 .67±3 .20  m/s , 
36.50±3.01 m/s, and 30.83±2.31 m/s, respectively. The 
MNCV decreased along with the duration time of nerve 
compression (P<0.01; Figure 2). The nerve stiffness depicted 
by SWE was negatively correlated with MNCV (r=−0.926; 
P<0.01).

Analysis of the morphometric data revealed that all 
compression groups showed a remarkably greater decrease 
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in the density of the myelinated fibers than the control 
group (12,503±1,005 fibers/mm2; P<0.01). There was also a 
significant decrease in the density of the myelinated fibers as 
the duration time of nerve compression increased (DNC2W, 
8,554±903 fibers/mm2; DNC4W, 6,753±407 fibers/mm2, 
DNC8W, 5,118±847 fibers/mm2; P<0.01) (Figure 3). 
By week 4, the axons of the sciatic nerve were obviously 
atrophic. A considerable number of demyelination changes 
occurred. Even some myelinated fibers appeared with 
Wallerian degeneration (Figure 4). 

The average axon diameter in the DNC4W group 
(4.02±1.11 μm) and DNC8W group (3.81±1.05 μm) was 
smaller than that of the control group (5.09±1.4 μm)  
and DNC2W group (4.50±0.84 μm) (P<0.05). The average 
myelin sheath thickness of the DNC4W group (0.85±0.18 μm; 
P<0.05) and DNC8W group (0.77±0.20 μm; P<0.05) was 
smaller than that of the control group (1.19±0.29 μm; 
P<0.05) and DNC2W group (1.1±0.18 μm; P<0.05). The 

results of g ratio showed higher value in the DNC4W 
group (0.69±0.05) and DNC8W group (0.73±0.05) than 
that of the control group (0.62±0.04) and DNC2W group 
(0.64±0.03) (P<0.05). No differences in average axon 
diameter, myelin sheath thickness, and g ratio were found 
between the DNC2W group and control group (P>0.05) 
(Figure 5). 

Discussion

The pathogenesis of diabetic neuropathy is complex. 
Hyperglycemia leads to an excess of intramitochondrial 
reactive oxygen species, inflammatory reactions, and edema 
formation in peripheral nerves (21). The double crush 
hypothesis states that a diabetic nerve is more susceptible 
to compression than a nondiabetic nerve (7). Another 
study has reported that chronic nerve compression could 
accelerate the progression of diabetic neuropathy in the 
rat model (22). Therefore, diabetic nerve entrapment 
is a complicated process in which 2 factors of diabetic 
neuropathy and nerve entrapment interact with each other. 
A simple diabetic neuropathy model or compression model 
is challenging to use to explain this process. Meanwhile, 
an earlier study reported that there was no detectable 
structural abnormalities or early functional abnormalities in 
the peripheral nerves of the STZ-induced diabetic rats (23). 
Therefore, in this experiment, the Dellon model was used 
instead of waiting for the diabetic rats to develop peripheral 
neuropathy because banding the sciatic nerve with a silicone 
tube in STZ-induced diabetic rats promotes progression of 
diabetic nerve entrapment (18,24).  

SWE has been applied for evaluation of CTS (25) and 
ulnar tunnel syndrome (26), presenting a higher stiffness 
than healthy nerve tissue. Also, SWE was speculated to be 
a potential sonographic method for diagnosing diabetic 
neuropathy, presenting an increase of nerve stiffness, as 
depicted by SWE (27). In the early period of DM, the 
edema of the epineurium and perineurium caused by 
metabolic disorders of DM increases the intra-neural 
pressure, making the nerve stiffer (28,29). Then, with more 
extended periods of compression, there are alterations 
in connective tissue layers as epineural and perineural 
fibrosis occurs. Nerve fiber pathology develops as “neural 
scar” forms secondary to fibroblast proliferation (30). 
As a result, we assumed that SWE could quantitatively 
evaluate the nerve stiffness along with the duration of nerve 
compression in diabetic rats. The results confirmed this, as 
there was higher stiffness in the diabetic nerve compression 

Table 1 Data of SWE 

Operator Groups
SWE (m/s) 

(mean ± SD)

95% CI

Lower Upper

Operator 1 CON 1.77±0.08 1.68 1.85

DNC2W 2.18±0.08** 2.10 2.23

DNC4W 2.50±0.06** 2.43 2.57

DNC8W 2.73±0.10** 2.62 2.84

DM2W 1.70±0.09 1.61 1.79

DM4W 1.78±0.08 1.70 1.86

DM8W 1.80±0.09 1.71 1.89

Operator 2 CON 1.78±0.06 1.70 1.84

DNC2W 2.15±0.09** 2.06 2.25

DNC4W 2.48±0.07** 2.42 2.56

DNC8W 2.69±0.09** 2.61 2.79

DM2W 1.71±0.08 1.64 1.79

DM4W 1.80±0.06 1.73 1.87

DM8W 1.80±0.09 1.71 1.90

SWE, shear wave elastic; CON, control group; DNC2W, sciatic 
nerve after 2-week compression in the diabetic rats; DNC4W, 
sciatic nerve after 4-week compression in the diabetic rats; 
DNC8W, sciatic nerve after 8-week compression in the diabetic 
rats. DM2W, sciatic nerve of diabetic rats at 2-week; DM4W, 
sciatic nerve of diabetic rats at 4-week; DM8W, sciatic nerve 
of diabetic rats at 8-week. **, P<0.01 when compared across 
groups.
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groups than the control group. Also, the nerve stiffness 
increased with the increase in duration of compression. 
The myelinated fiber density and MNCV were significantly 
decreased after 2 weeks of nerve compression, which is 
in line with a previous report indicating that even a short 
period of compression is capable of inducing a severe 
effect on the nerve tissue and the nerve morphology (31). 
At the same time, the nerve stiffness depicted by SWE 
increased after nerve a compression period of just 2 weeks, 
demonstrating that SWE can predict diabetic nerve 
entrapment in the initial period.

It is well established that diabetic neuropathy is 
characterized by both myelinated and unmyelinated nerve 

Figure 1 SWE findings of the sciatic nerve compression in diabetic rats and controls. (A,B,C) The sciatic nerve of normal rats at 2, 4, and 
8 weeks. (D,E,F) The sciatic nerve of the diabetic rats at 2, 4, and 8 weeks. (G,H,I) The sciatic nerve after compression 2, 4, and 8 weeks in 
the diabetic rats. SWE, shear wave elastography.

Figure 2 Alterations in motor nerve conduction velocity after 
chronic compression in diabetic rats. At each time point, the mean 
values with their standard deviations are shown in the graph. 
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Figure 3 Toluidine blue-stained semithin sections (1 μm) obtained from the sciatic nerve of all groups. (A) The control group (CON). (B) 
Sciatic nerve after 2-week compression in the diabetic rats (DNC2W). (C) Sciatic nerve after compression 4-week compression in the dia-
betic rats (DNC4W). (D) Sciatic nerve after 8-week compression in the diabetic rats (DNC8W) (magnification: ×1,000; scale bar 10 μm).

Figure 4 Transmission electron microscopy of the sciatic nerve. (A) Normal sciatic nerve. (B) Sciatic nerve at 4-week compression in diabet-
ic rats. *, atrophy axon; thick arrow, demyelination; thin arrow, Wallerian degeneration (magnification: ×4,200; scale bar 2 μm).
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Figure 5 Morphometric parameters of the sciatic nerve fibers. All groups of sciatic nerve morphometric parameters are shown as density 
of myelinated fibers (A), axon diameter (B), myelin sheath thickness (C), and g ratio (D). *, corresponds to P<0.05 when compared to CON 
group; a, corresponds to P<0.05 when compared to CON group; b, corresponds to P<0.05 when compared across groups. CON, control; 
DNC2W, diabetic nerve after 2-week compression; DNC4W, diabetic nerve after 4-week compression; DNC8W, diabetic nerve after 8-week 
compression. 
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fiber degeneration and regeneration, and mainly involves 
myelinated fibers (32). One of the features of diabetic 
neuropathy is the decline of the density of the myelinated 
fibers (33). Also, chronic nerve compression induces 
alterations in myelin structure that reflect demyelination 
and remyelination. Histological evaluations have revealed 
that axons at the periphery of the nerve fascicle lose 
their myelin after 4 weeks of sustained compression (30). 
Previous research has shown that changes in the axonal 
diameter may be a potential trigger for Schwann cell 
proliferation and alterations in myelin thickness (34). Our 
results showed that average axon diameter, myelin sheath 
thickness, and the g ratio were significantly different in the 
DNC4W group compared to the control group, whereas 
there were no significant differences between the DNC2W 
group and control group. These findings are consistent 
with earlier studies. However, more obvious alterations of 
the axon and myelin in the nerve require a longer period 
of sustained compression (35). Given this, there were no 
differences found in average axon diameter, myelin sheath 
thickness, and g ratio between the DNC4W and DNC8W 

group. However, our study showed that the density of 
the myelinated fibers gradually decreased with increase in 
the duration of nerve compression of the diabetic nerve. 
This, according to a previous study, could also suggest the 
progression of neuropathic severity by myelinated fiber 
progressive loss (36), and was also demonstrated by MNCV 
in terms of neural function. 

Electrophysiological examination is still the gold 
standard for evaluating the peripheral nerve function. Still, 
many studies have shown that the higher stiffness depicted 
by SWE can predict the neuropathy in a diabetic patient in 
a noninvasive manner; however, whether the higher stiffness 
depicted by SWE can predict the severity of diabetic nerve 
entrapment is unknown. Therefore, further investigations 
that can qualitatively evaluate diabetic nerve entrapment by 
SWE in predicting the pathological and functional changes 
of nerve lesions should be done in the future. Our present 
work can be used as a preliminary experimental substructure 
to determine the feasibility of quantitative evaluation to 
reflect the severity of nerve lesions by SWE in diabetic 
nerve entrapment.
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There are several limitations to our study. Firstly, diabetic 
nerve neuropathy mostly happens in the middle or late 
period of DM. The nerve stiffness after a longer period of 
nerve compression in DM should be investigated in a future 
study. Secondly, our study evaluated the nerve stiffness 
without the effect of persistent pressure of surrounding 
silicone tube. However, in clinical conditions, the value of 
SWE can be affected by the pressure from the surrounding 
tissues, for example, CTS. This influencing factor should be 
explored in the future. Thirdly, this study only investigated 
the nerve stiffness affected by different compression times, 
and the effect of different pressure intensities on the nerve 
should be further explored. 

In conclusion, the SWE of nerves in diabetic rats with 
nerve entrapment was stiffer than the control group. 
Meanwhile, an increase in SWE value, along with a longer 
duration of nerve compression, could reflect the severity of 
diabetic nerve entrapment. These results were confirmed 
by histological morphometry of myelinated fiber and 
electrophysiology. Therefore, SWE may be used as a 
noninvasive and effective method to quantitatively evaluate 
the severity of diabetic nerve entrapment.
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