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Background: In patients with type 2 diabetes mellitus (T2DM), a decrease in muscle function may be 
related to changes in the biomechanical properties of skeletal muscles. However, the correlations between 
muscle function and the characteristics of muscle size and stiffness as measured by ultrasound in patients 
with T2DM are unclear. The aim of this study was to investigate the abilities of conventional ultrasound 
and shear wave elastography (SWE) to assess muscle properties in patients with T2DM and to correlate the 
findings with isokinetic muscle testing and functional tests.
Methods: Sixty patients from the Department of Endocrinology in The Third Affiliated Hospital of 
Southern Medical University diagnosed with T2DM were recruited in this cross-sectional study from 
September 2021 to September 2022. T2DM was defined based on the American Diabetes Association 
criteria. The exclusion criteria were a history of injury or operation of the lower limb or clinical signs of 
neuromuscular disorders, any muscle-induced disease, and the presence of other types of diabetes mellitus. 
Thirty-five matched healthy volunteers were continuously included in the control group. SWE was used 
to measure the muscle stiffness of the quadriceps femoris [vastus lateralis (VL), rectus femoris (RF), vastus 
medialis (VM), vastus intermedius (VI)] and the biceps brachii (BB) in a relaxed position, and the shear 
wave velocity (SWV) values were recorded. Muscle size was measured using conventional ultrasound. The 
participants underwent isokinetic knee extension/flexion (60°/sec) to assess muscle strength and functional 
tests of physical performance, including the short physical performance battery, 30-s chair stand test, timed 
up-and-go test, and 6-meter walk test. All demographics and measured variables were compared using the 
independent samples t-test. Interclass correlation coefficient analysis was performed on the measurement 
data obtained by the two operators, and Pearson correlation coefficients were used to determine the 
relationships between variables.
Results: Patients with T2DM exhibited worse physical performance (P<0.05) and weaker lower limb muscle 
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Introduction

Alterations in skeletal muscle in individuals with type 2 
diabetes mellitus (T2DM), in addition to the traditional 
macro- and microvascular complications, have been the 
focus of research in recent years. Sarcopenia is an age-related 
progressive loss of skeletal muscle mass and strength (1).  
The presence of diabetes and its related complications can 
accelerate the development of sarcopenia (2). For example, 
decreased mitochondrial function induces changes in muscle 
fiber composition and the transition from an oxidative to 
glycolytic fiber type, which leads to sarcopenia (3). Another 
mechanism that contributes to sarcopenia in diabetes is 
diabetic peripheral neuropathy (DPN) and reduction in 
motor neurons (4), which can cause muscle weakness, 
atrophy, and adipose tissue infiltration. Sarcopenia is 
emerging as one of the crucial complications of diabetes. 
However, when patients with diabetes are considered as a 
whole, those patients with decreased muscle strength have 
greater leg muscle mass than do those without diabetes 
because of differences in body size (5). Therefore, decreased 

muscle strength may be more informative than loss of 
muscle mass in the prognosis of patients with diabetes 
combined with sarcopenia (6).

Patients with diabetes are more likely to experience 
decreased skeletal muscle strength over time than are age-
matched controls, especially in the lower extremities (7,8). 
Maintaining or increasing muscle mass does not prevent 
a decrease in muscle strength (9). Moreover, physical 
disability is likely to occur as a consequence of falls in 
patients with diabetes, which is attributed to the increased 
risk of infection and slow healing (10,11). Resistance 
training exercises have been confirmed to be effective 
methods for improving muscle strength and lowering the 
risk of falls (12). Thus, the investigation of the muscle 
function in patients with diabetes may be critical for early 
intervention and for preventing injurious falls.

Leg muscle strength can be directly evaluated by 
measuring various muscle indicators, such as mass, size, 
stiffness, and contractile characteristics. Lower extremity 
muscle strength can be measured with isokinetic muscle 
testing, which has certain limitations, such as the 

strength (P<0.05) than did healthy controls, but their handgrip strength was comparable (P=0.102). Patients 
with T2DM had significantly decreased muscle thickness [RF thickness: 10.69±3.21 vs. 13.09±2.41 mm,  
mean difference =−2.40, 95% confidence interval (CI): −3.56 to −1.24, P<0.001; anterior quadriceps 
thickness: 23.45±7.11 vs. 27.25±5.25 mm, mean difference =−3.80, 95% CI: −6.33 to −1.26, P=0.004] and 
RF cross-sectional area (3.04±1.10 vs. 4.11±0.95 cm2, mean difference =−1.07, 95% CI: −1.49 to −0.64; 
P<0.001) compared to healthy controls. Smaller muscle size was associated with decreased muscle strength 
(r=0.44–0.69, all P values <0.001). Except for the BB (3.48±0.38 vs. 3.61±0.61 m/s, mean difference =−0.12, 
95% CI: −0.35 to 0.11; P=0.257) and VI (2.59±0.34 vs. 2.52±0.23 m/s, mean difference =0.03, 95% CI: −0.06 
to 0.18; P=0.299), the muscle stiffness in patients with T2DM was significantly decreased. For the patients 
with T2DM and healthy participants, the SWV of the RF was 1.66±0.23 and 1.83±0.18 m/s (mean difference 
=−0.17, 95% CI: −0.25 to −0.08; P<0.001), respectively; that of the VM was 1.34±0.15 and 1.51±0.16 m/s  
(mean difference =−0.17, 95% CI: −0.24 to −0.10; P<0.001), respectively; and that of VL was 1.38±0.19 
and 1.53±0.19 m/s (mean difference =−0.15, 95% CI: −0.23 to −0.07; P<0.001), respectively. Excellent 
interobserver reliability of the SWV measurements on the muscle of T2DM patients was observed (all 
intraclass correlation coefficients >0.75; P<0.001). The SWV showed moderate correlations with muscle 
strength in the RF, VM, and VL (r=0.30–0.61; all P values <0.05).
Conclusions: Ultrasound technology exhibits good reliability for repeated measurements of muscle size 
and stiffness. Reduced muscle stiffness as detected by SWE was demonstrated in patients with diabetes and 
was associated with decreased muscle strength and impaired functional activity.
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requirement of special equipment and a patient with an 
amenable health condition. Grip strength correlates with 
leg strength, but it only indirectly reflects the overall 
condition of the leg muscle group. Lower extremity muscle 
strength can also be indirectly assessed using different 
functional tests (13,14) and function questionnaires (15).  
These methods can only reveal the comprehensive 
functional changes in older adult individuals and do not 
indicate the specific muscle function. Hence, by quantifying 
the elasticity of the musculoskeletal structures, ultrasound 
techniques have been developed to acquire not only 
morphological data but also biomechanical characteristics.

Muscle morphological parameters such as thickness, 
pennation angle, fiber length, and cross-sectional area 
(CSA) can be used to evaluate the structural and functional 
states of skeletal muscles (16). However, for individuals 
with diabetes, before any observable changes in muscle 
morphology can be measured, the imbalance of muscle 
protein metabolism, accumulation of glycation end 
products, and the alteration of muscle composition via 
intermuscular adipose tissue (IMAT) infiltration changing 
in the tissue’s mechanical properties can ultimately cause 
changes in muscle stiffness (4,17). Currently, determining 
the changes in skeletal muscle mainly depends on invasive 
biopsy. Thus, a simple, repeatable, and noninvasive 
imaging technique for muscle imaging is needed in clinic. 
Shear wave elastography (SWE) is a relatively new and 
widely used ultrasound-based technique (either assessed 
in kilopascal or meters per second) based on the principle 
of detecting changes in tissue stiffness caused by specific 
pathophysiological processes such as inflammation, aging, 
and malignant masses (18). As research into SWE for 
muscle biomechanical applications continues to progress, 
SWE is proving to be a potential viable approach for 
measuring muscle functional characteristics (19,20). 

Muscle force is induced by changes in muscle elasticity. 
Therefore, muscle stiffness is an indicator of muscle 
biomechanics that can indirectly reflect the changes in 
muscle composition. Shear wave velocity (SWV) has 
been proven to correlated with muscle strength (21) and 
functional tests (22) in healthy populations, indicating the 
potential value of SWE in reflecting the structural and 
functional state of muscles. In disease states, reduced muscle 
stiffness detected using SWE is associated with muscle 
weakness (23,24). Variations in muscle stiffness may also 
reflect muscle edema and muscle atrophy. The relatively 
simple SWE measurement can be used to assess the status 
of skeletal muscles and monitor the changes in contractile 

properties over time as diseases progress and resolve. 
However, it remains unclear whether SWE, a convenient 
and quantitative method, can be used to detect changes 
in muscle stiffness before observable muscle morphology 
changes in patients with diabetes.

The SWE technique may provide a new perspective 
on the biomechanical status of diabetic muscles. Related 
studies (25,26) have chiefly focused on the ultrasonic 
features of skeletal muscle in those with T2DM. We thus 
aimed to further investigate the correlations between 
muscle function and the characteristics of muscle size and 
stiffness as measured via ultrasound to explore its clinical 
relevance. We hypothesized that (I) ultrasound can detect 
the altered muscle stiffness and size in patients with diabetes 
as compared to healthy controls and that (II) these findings 
are associated with isokinetic muscle strength and physical 
performance. We present this article in accordance with 
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-1152/rc).

Methods

Study design

Flowchart of participant selection is shown in Figure S1. In 
this cross-sectional study, 60 patients diagnosed with T2DM 
were recruited by endocrinologists from the Department 
of Endocrinology at The Third Affiliated Hospital of 
Southern Medical University between September 2021 and 
September 2022. Diabetes was defined as a fasting plasma 
glucose level of at least 126 mg/dL (≥6.1 mmol/L) as per the 
American Diabetes Association criteria (27). The exclusion 
criteria were a history of injury or operation of the lower 
limb, a history or clinical signs of neuromuscular disorders, 
any muscle-induced disease, and the presence of other types 
of diabetes mellitus. Additionally, 35 healthy sex-, age-,  
height-, and weight-matched normoglycemic controls 
were recruited so that the muscle characteristics of controls 
could be compared to those of patients with T2DM. This 
study was approved by the ethics committee of The Third 
Affiliated Hospital of Southern Medical University (approval 
No. 202224) and was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). Informed 
consent was obtained from all participants.

Demographic and clinical information

Sociodemographic characteristics, including age, height, 

https://qims.amegroups.com/article/view/10.21037/qims-23-1152/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-1152/rc
https://cdn.amegroups.cn/static/public/QIMS-23-1152-Supplementary.pdf
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weight, and sex, were collected. Participants completed the 
Strength, Assistance with Walking, Rising from a Chair, 
Climbing Stairs, and Falls (SARC-F) questionnaire (15), 
which is an simple screen directly related to comprehensive 
muscle function (see details in Table S1) based on five 
domains. Thigh circumference was measured at the lower 
third of the distance between the anterior superior iliac 
spine and condylus medialis femoris. The calf circumference 
was measured in the thickest section.

DPN is a common complication of diabetes. To further 
examine the effect of DPN, all patients were examined for 
characteristic sign and symptoms by a trained neurologist 
with at least 10 years of experience in determining the 
presence of DPN. The diagnostic criteria for DPN were 
based on the 2017 diagnostic methods proposed by the 
American Diabetes Association. The detailed methods are 
described elsewhere (28).

Muscle strength assessments

Bilateral knee extension strength was quantitatively 
evaluated in all participants by an experienced physical 
specialist with at least 3 years of experience in motor 
function assessment. The instrument used was an IsoMed 
2000 isokinetic dynamometer (D&R Ferstl GmbH, Hemau, 
Germany), which has high reliability for the knee test in 
both neuropathic and healthy individuals (29,30). The 
detailed measurement methods are based on a previous 
study (21). A mean of 10 repeated sets, the peak torque [PT; 
in Newton meters (Nm)], the PT to body weight ratio (PT/
BW, in Nm/kg), and total work (TW; in J) were selected to 
represent muscle strength, relative muscle strength between 
different populations, and muscle function, respectively.

A Jamar Plus+ dynamometer (Patterson Medical, 
Warrenville, IL, USA), which is the most reliable and 
widely used grip-strength testing instrument (31), was used 
three times in each hand to acquire data on maximal grip 
strength.

Functional performance measures

All participants underwent four functional tests (13,14) 
performed by the same physical therapist to assess lower 
extremity physical performance: the short physical 
performance battery (SPPB), the timed up-and-go test 
(TUGT), the 30-s chair stand test (CST), and the 6-meter 
walk test (6MWT). For the SPPB, all participants were 
evaluated using the standing balance test, the 2.44-m 

walking test, and the five-time sit-to-stand test. For the 
TUGT, participants were instructed to stand up from a 
chair, walk 3 m, return to the chair, and sit down, and the 
time required was recorded using a stopwatch. For the CST, 
the maximum number of sit-to-stand movements without 
use of arms was measured within 30 s. For the 6MWT, 
participants were instructed to walk 6 m at their normal 
pace twice and the average speed was recorded. 

Ultrasound procedures

All ultrasound images were acquired using a LOGIQ E10 
ultrasound device (GE HealthCare, Chicago, IL, USA) 
equipped with a linear transducer (ML6-15). Via palpation, 
a line was drawn between the anterior superior iliac spine 
and the superior margin of the condylus medialis femoris 
with participant in the supine position (Figure 1A). The site 
was marked at the lower third of the line, and the probed 
was moved parallel along the red line perpendicular to the 
long axis of the limb to locate the quadriceps femoris during 
the subsequent measurements.

The thickness and CSA of the rectus femoris (RF) and 
the thickness of the anterior quadriceps (AQ) were measured 
in the transverse section using B-mode ultrasound at the 
thickest part. The probe was rotated and aligned in the 
direction of the muscle fascicles (32). Muscle stiffness was 
measured in the longitudinal direction using SWE mode 
for the knee extensors [RF, vastus intermedius (VI), vastus 
medialis (VM), and vastus lateralis (VL)]. A color-coded box 
superimposed on a gray-scale image was used to represent 
the region of interest (ROI), with focal penetration defects 
or obvious fibrous septa being avoided. To avoid artifacts in 
the circular ROIs, three 5-mm-diameter circles were placed 
in the ROI for quantitative analysis (Figure 1B,1C). The 
values were recorded as SWV in elasticity mode. These 
data acquisition methods have been previously validated 
(21,33,34). The same SWV measurement was applied to all 
the participants. The average SWV values for each muscle 
were calculated for further analysis.

Finally, for measurement of muscle stiffness of the biceps 
brachii (BB), the participants were asked to flex the elbow at 
90° with their forearm resting on their body and their hand 
in supination while the probe was positioned at the middle 
portion of the muscle belly where the largest muscle bundle 
was located.

To demonstrate the reproducibility of conventional 
ultrasound and SWE, two practiced operators with at least 
3 years of experience each in musculoskeletal ultrasound 

https://cdn.amegroups.cn/static/public/QIMS-23-1152-Supplementary.pdf
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scanning adopted the same method to obtain ultrasonic 
images.

Statistical analysis

The baseline demographics and measured variables of 
the participants are expressed using descriptive statistics. 
Continuous variables are presented as the mean ± standard 
deviation. Interclass correlation coefficient (ICC) analysis 
was performed on the measurement data obtained by the 
two operators, with ICC >0.75 being considered to indicate 
high confidence (35). The independent samples t-test 
(Student t-test) was used to compare the demographics 
and measured variables between patients with diabetes and 
healthy controls. Comparisons of the demographics and 
measured variables among patients with or without DPN 
and healthy controls were performed using analysis of 
variance (ANOVA), with the Bonferroni method being used 
for multiple comparisons. 

Additionally, Pearson’s correlation coefficients were used 
to determine the relationships between various variables. A 
portion of the data (1.4%) were missing due to reasons such 
as the poor compliance of patients. Further data processing 

for missing data was not performed. All tests were two-
sided, and the analyses were carried out using the SPSS 25.0 
(IBM Corp., Armonk, NY, USA) and R software version 
4.1.1 (http://cran.r-project.org). A t value was considered 
significant at α=0.05.

Results

Demographic and clinical information

The baseline characteristics of the 60 patients with T2DM 
(32 male and 28 female) and 35 healthy controls (17 male 
and 18 female) are summarized in Table 1. Patients with 
T2DM and healthy controls were matched in terms of age 
(P=0.294), weight (P=0.574), height (P=0.617), and body 
mass index (BMI) (P=0.732) but not in terms of the thigh 
circumference (P=0.011) or calf circumference (P=0.031), 
which were smaller in patients with T2DM.

According to the presence or absence of DPN, all 
patients with T2DM were divided into two groups: with 
DPN (n=26) and without DPN (n=34). There was no 
statistically significant difference in terms of age (P=0.063), 
weight (P=0.596), height (P=0.727), or BMI (P=0.326) 

A B

C

Anterior superior iliac spine

Condylus medialis femoris

Figure 1 Measurement of the elastic property of the RF in the longitudinal view. (Left) Image taken with SWE quality control mode 
showing a uniform off white distribution. (Right) Colored image of the RF elasticity (stiffer areas are coded in red and softer areas in bule), 
with the circles depicting the region of interest where shear wave velocity (m/s) was measured. (A) The position of SWE assessment in 
the lower extremity, with the probe moving parallel along the red line perpendicular to the long axis of the limb. (B) SWE example from a 
patient with diabetes. (C) SWE example from a healthy control. RF, rectus femoris; SWE, shear wave elastography.

http://cran.r-project.org
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Table 1 The demographic characteristics and clinical information of the study participants

Characteristics Patients with diabetes (n=60) Healthy controls (n=35) 95% CI of mean difference t value P value

Age (years) 57.35±9.91 55.23±9.16 2.21 (−1.88, 6.12) 1.056 0.294

Duration of diabetes (years) 6.76±6.38 – – – –

Female (%) 46.67 51.43 – 0.201 0.654

Height (cm) 161.71±7.77 162.51±7.38 −0.80 (−3.99, 2.39) −0.502 0.617

Weight (kg) 63.2±13.35 64.65±11.34 −1.45 (−6.58, 3.67) −0.564 0.574

BMI (kg/m2) 24.05±4.20 24.33±2.96 −0.28 (−1.88, 1.33) −0.343 0.732

Thigh circumference (cm) 43.69±4.27 45.69±3.21 −2.00 (−3.54, −0.46) −2.589 0.011*

Calf circumference (cm) 34.28±3.26 35.71±2.91 −1.42 (−2.71, −0.14) −2.202 0.031*

The results are expressed as the mean ± standard deviation, percentage, 95% CI of the mean difference, t value, and corresponding P 
value. *, P<0.05 indicates a significant difference. CI, confidence interval; BMI, body mass index. 

Table 2 The results of physical tests and muscle strength of the study participants

Characteristics Patients with diabetes (n=60) Healthy controls (n=35) 95% CI of mean difference t value P value

Clinical and muscle 
assessments

CST 34.38±10.26 46.37±11.77 −11.99 (−16.75, −7.21) −5.015 <0.001*

TUGT (s) 10.03±2.11 8.67±1.39 1.36 (0.64, 2.07) 3.766 <0.001*

6MWT (m/s) 1.07±0.19 1.19±0.17 −0.11 (−0.19, −0.04) −2.949 0.004*

SPPB 11.12±1.19 11.89±0.47 −0.77 (−1.11, −0.42) −4.431 <0.001*

Handgrip strength (kg) 30.66±9.90 34.05±9.45 −3.38 (−7.46, 0.69) −1.655 0.102

SARC-F 0.28±0.56 0.06±0.24 0.23 (0.06, 0.39) 2.759 0.007*

Isokinetic muscle testing

PT 77.68±31.03 97.14±30.44 −19.46 (−32.46, −6.46) −2.985 0.004*

PT/BW 1.22±0.36 1.49±0.33 −0.27 (−0.42, −0.13) −3.742 <0.001*

TW 614.77±257.84 791.76±247.52 −176.99 (−283.53, −70.45) −3.310 0.001*

The results are expressed as the mean ± standard deviation, 95% CI of the mean difference, t value, and the corresponding P value. *, 
P<0.05 indicates a significant difference. CI, confidence interval; CST, 30-s chair stand test; TUGT, timed up-and-go test; 6MWT, 6-meter 
walk test; SPPB, short physical performance battery; SARC-F, Strength, Assistance with Walking, Rising from a Chair, Climbing Stairs, and 
Falls; PT, peak torque; PT/BW, peak torque to body weight ratio; TW, total work.

between the three groups (see details in Table S2).

Clinical and muscle strength assessments

Table 2 shows the difference in physical performance 
and isokinetic muscle testing results between patients 
with diabetes and healthy controls. Patients with T2DM 
exhibited worse general physical performance than did 
their nondiabetic counterparts, as evidenced by significantly 

higher SARC-F scores (P=0.007) and lower SPPB scores 
(P<0.001). In addition, the results of the 6WMT, CST, and 
TUGT test indicated respectively slower walking speed 
(P=0.004), worse muscle endurance (P<0.001), and worse 
coordination and balance (P<0.001) in patients with T2DM. 
In line with the findings for physical performance findings, 
the PT (P=0.004), PT/BW (P<0.001), and TW (P=0.001) 
of the quadriceps femoris were greater in healthy controls 
than in patients with T2DM pointing to a decline in lower-

https://cdn.amegroups.cn/static/public/QIMS-23-1152-Supplementary.pdf
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limb muscle strength. In contrast, grip strength showed no 
significant difference between the two groups (P=0.102). 
In multiple comparisons, patients with DPN had weaker 
knee muscle strength (PT: P=0.041; PT/BW: P=0.036; 
TW: P=0.022) than did those without DPN. However, no 
statistically significant difference in leg muscle strength (PT: 
P=0.396; PT/BW: P=0.114; TW: P=0.272) was observed 
between patients without DPN and healthy controls (see 
details in Table S3).

Ultrasonic results

There were statistically significant differences between 
patients with T2DM and controls in RF thickness 
(10.69±3.21 vs. 13.09±2.41 mm, respectively; P<0.001), 
AQ thickness (23.45±7.11 vs. 27.25±5.25 cm, respectively; 
P=0.004), and RF-CSA (3.04±1.10 vs. 4.11±0.95 cm2, 
respectively; P<0.001).

SWE exhibited good test-retest reliability of repeated 
measurements, with ICCs between 0.827 and 0.976 
(P<0.001) (see details in Table S4). 

As shown in Figure 2, the SWV was significantly lower 
in the case group (RF: 1.66±0.23 m/s; VL: 1.38±0.19 m/s;  
VM: 1.34±0.15 m/s) than in the control group (RF: 
1.83±0.18 m/s; VL: 1.53±0.19 m/s; VM: 1.51±0.16 m/s) 
(all P values <0.001). This suggested that muscle stiffness 

at rest was reduced in patients with T2DM compared with 
healthy controls. In contrast, patients with T2DM and 
healthy controls were not significantly different in terms 
of VI (2.59±0.34 vs. 2.52±0.23 m/s, respectively; P=0.299) 
or BB (3.48±0.38 vs. 3.61±0.61 m/s, respectively; P=0.257). 
Because the quadriceps femoris serves as a muscle group 
with a consistent knee extension function, the average of 
the SWV of each muscle forming the quadriceps femoris 
(RF, VI, VM and VL) (AVER) was calculated for further 
analysis and was lower in case group than in the control 
group (1.73±0.17 vs. 1.84±0.12, respectively; P<0.001). 
Finally, no statistically significant differences were observed 
in muscle stiffness between patients with and without DPN 
(RF: P>0.99; VM: P=0.195; VL: P=0.061; AVER: P=0.749), 
although there were statistically significant differences 
between those without DPN and control participants (RF: 
P=0.008; VM: P=0.001; AVER: P=0.031) but not for VL 
(P=0.086).

Correlation of ultrasonic parameters with performance 
tests and muscle strength

Correlation analysis (Figure 3) indicated that a higher 
number of chair stands (RF thickness: r=0.58, P<0.001; 
AQ thickness: r=0.45, P<0.001; RF-CSA: r=0.48, P<0.001) 
and higher SPPB scores (RF thickness: r=0.47, P<0.001; 
AQ thickness: r=0.40, P<0.001; RF-CSA: r=0.43, P<0.001) 
were correlated with greater muscle size. In contrast, a 
higher SARC-F score (RF thickness: r=−0.39, P<0.001; AQ 
thickness: r=−0.39, P<0.001; RF-CSA: r=−0.35, P<0.001) 
was associated with smaller muscle size. In addition, number 
of chair stands and SPPB scores were positively correlated 
with the SWV values for the RF, VL, and VM, with 
correlation coefficients between 0.21 and 0.37 (all P values 
<0.05) indicating a poor correlation. The AQ thickness 
(r=0.13, P=0.196) and the SWV values of the RF (r=0.12, 
P=0.261) and VL (r=0.15, P=0.144) had no significant 
correlation with walking speed. 

In addition, positive correlations were observed 
between all ultrasonic parameters except for VI and the 
isokinetic muscle testing (PT, TW, and PT/BW) (Figure 3).  
Specifically, muscle sizes showed positive correlations with 
leg extension strength, and the correlation coefficients were 
between 0.44 and 0.69 (both P values <0.001). The SWVs of 
the RF, VL, and VM, along with the AVER were significantly 
positively correlated with muscle strength, with the 
correlation coefficients of these associations being between 
0.30 and 0.61 (P<0.05); however, this relationship was not 

Figure 2 Clustered box plot of SWE by participant type. The 
black dots represent outlier values, and the hollow circles represent 
mean values. RF, rectus femoris; VI, vastus intermedius; VM, 
vastus medialis; VL, vastus lateralis; AVER, average of the SWV of 
each muscle forming the quadriceps femoris (RF, VI, VM and VL); 
SWV, shear wave velocity; BB, biceps brachii; SWE, shear wave 
elastography.
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Figure 3 Heat map of the correlation between all measured variables. RF, rectus femoris; VI, vastus intermedius; VM, vastus medialis; VL, 
vastus lateralis; AVER, average of the SWV of each muscle forming the quadriceps femoris (RF, VI, VM and VL); SWV, shear wave velocity; 
AQ, anterior quadriceps; RF-CSA, rectus femoris cross-sectional area; PT, peak torque; PT/BW, peak torque to body weight ratio; TW, 
total work; SARC-F, Strength, Assistance with Walking, Rising from a Chair, Climbing Stairs, and Falls; SPPB, short physical performance 
battery; TUGT, timed up-and-go test; CST, 30-s chair stand test; 6MWT, 6-meter walk test; Corr, correlation coefficient. 
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observed for VI (PT: r=−0.26, P=0.012; PT/BW: r=−0.20, 
P=0.058; TW: r=−0.23, P=0.027). Finally, in the Pearson 
correlation coefficient analyses, all isokinetic testing results 
were correlated with the functional tests (P<0.05). 

Discussion

This study demonstrated that SWE is a repeatable 
technique between examiners for the assessment of muscle 
stiffness. The results of this preliminary study indicated 
that patients had a lower muscle stiffness (i.e., lower SWV) 
than did healthy controls, which confirms our hypothesis of 
altered muscle stiffness being present in those with diabetes. 
Moreover, SWV values were correlated with muscle 
strength and functional performance.

Clinical and muscle strength assessments 

Muscle strength assessment is critical for the management 
of patients with neuromuscular disorders because it reflects 
the impact of chronic conditions, disease progression, 
and physiological decline (10,36,37). In agreement with 
a previous study (7), our findings included decreased leg 
muscle strength in patients with T2DM compared with 
healthy controls. As a major antigravity muscle group, the 
knee extensors contribute significantly to body support 
and control during gait. Activities of daily living, such as 
walking, climbing stairs, and standing up from a chair, 
become difficult when the knee extension strength is below 
a certain level. Decreased muscle strength and functional 
mobility can result in physical impairment and poor quality 
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of life in patients with diabetes (38). Our findings are 
consistent with those of previous studies (8,39) that reported 
a decline in leg muscle function might indeed be the result 
of mobility limitation in patients with T2DM.

Most studies on this subject have focused on assessing 
lower-extremity muscle strength. A case-control study 
indicated that grip strength was significantly lower in 
patients with diabetes than in normoglycemic controls (38),  
whereas other studies have shown that strength at the 
elbow and wrist is preserved (8). In our study, although 
patients exhibited decreased lower limb muscle strength, 
handgrip strength was comparable, suggesting that such 
antigravity muscles, such as the quadriceps femoris, are 
likely to be most affected by early alterations in muscular 
function as compared to the upper limb muscles. The 
impaired motor capacity of the lower extremities is 
attributable to the process of distal neuropathy, and 
this altered muscle function may be correlated with 
DPN; however, more studies are needed to confirm this 
relationship.

Morphological changes in skeletal muscle 

Muscle strength is correlated with muscle volume, which 
is reflected by muscle CSA and thickness. Muscle thickness 
measured by ultrasonography is correlated with muscle 
mass evaluated by the gold standard, dual-energy X-ray 
absorptiometry (40). In this study, patients with diabetes 
exhibited smaller muscle thickness and CSA than did 
normal controls, indicating the deterioration of muscle 
mass. Loss of muscle mass could lead to metabolic disorder 
in those with T2DM because skeletal muscle figures 
prominently in regulating blood glucose (41). Ultrasound 
can be used to evaluate changes in muscle mass, and it is 
highly reproducible (r=0.96–0.99) (42,43). Wang et al. (44) 
reported that older adults with a gastrocnemius muscle 
thickness less than 1.5 cm can be considered to have low 
skeletal muscle mass. Future studies should be focused on 
the cutoff value of ultrasound-measured muscle thickness 
for low muscle mass in patients with diabetes.

Loss of muscle mass leads to a loss of muscle strength. 
Ata et al. (45) reported that RF muscle thickness can be 
used to predict gait speed or physical performance. Our 
study focused on both muscle strength and functional 
performance in patients with diabetes and showed that 
muscle thickness reflects not only physical mobility but also 
limb muscle strength. We found that smaller muscle size 
was moderately associated with weaker muscle strength 

and poorer physical performance, emphasizing that muscle 
atrophy may be related to muscle weakness, which is in line 
with other reports (46,47). 

Elastic changes in skeletal muscle

Given that early muscle microstructural changes related 
to atrophy may be accompanied by abnormal elastography 
findings, we investigated the potential application use of 
SWE in patients with diabetes. As expected and consistent 
with the literature (48), we found that SWE served as 
a repeatable technique for the assessment of muscle 
stiffness and may thus be the preferred method for clinical 
measurement. The results of another preliminary study 
showed that diabetes may cause reduced stiffness in the 
leg muscles, which could serve as a diagnostic indicator 
in clinical settings. Reduced muscle stiffness is partly 
attributable to an increase in IMAT in the skeletal muscle 
of patients with diabetes. In general, muscles are not 
infiltrated by adipose tissue, but IMAT levels are higher 
in patients with T2DM and metabolic syndrome than in 
those without these conditions, and this is associated with 
insulin resistance and decreased physical function with  
age (49).

Our study also demonstrated that the softer the muscle 
stiffness in a relaxed position is, the poorer the motor ability 
of the quadriceps femoris. The decrease in the SWV of the 
quadriceps femoris reflected impaired muscle mechanical 
characteristics; that is, the deterioration of the tissue’s elastic 
properties was associated with the functional performance 
of the patients. This is because the increased IMAT content 
in the skeletal muscle is inextricably linked to decreased 
muscle mass and strength in the T2DM population (50). 
Skeletal muscles are composed of contractile components 
(actin and myosin) and passive elastic components 
(connective tissue) (51). The amount of fat infiltrating 
the muscle may alter its components. Decreased muscle 
stiffness results in impaired dynamic joint stability (52) and 
decreased explosive strength (19), leading to a decline in 
physical function. In addition, the decrease in SWV may be 
the result of the metabolic impairment of skeletal muscle, as 
IMAT is associated with insulin resistance (53).

The use of gray-scale sonography in the period of 
muscle microstructural changes may not be able to detect 
subtle abnormalities in muscle components. Resting 
muscle elasticity in the form of SWV is closely associated 
with patients’ motor activities and could provide useful 
information regarding the early decline in muscular 
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function. However, this study did not perform a muscle 
biopsy to assess the fat content of the muscle tissue, and 
future studies could further investigate the relationship 
between the elasticity values measured using SWE and the 
fat content of the muscle tissue.

Effect of DPN on skeletal muscle 

To further investigate the effect of DPN, patients were 
divided into two groups based on the presence or absence 
of DPN. Ijzerman et al. (54) demonstrated the additive 
negative effect of DPN in aggravating the decline of 
muscular strength in patients with neuropathy, which is 
consistent with our findings.

Loss of knee extension strength has been thought to be 
related to muscular atrophy (55); however, no measurable 
muscle atrophy was observed between patients with and 
without DPN in our study. This finding may be in partly 
due to intramuscular fat accumulation in diabetic muscles, 
which may mask muscle atrophy. Patients with DPN had 
higher IMAT volume which has been shown to be associated 
with poor muscle strength and function (53). Moreover, 
the positive muscle weakening in patients with DPN 
coupled with a lack of abnormal SWV may be explained 
by an insufficient number of patients in the subgroup 
analysis. Further research should recruit more participants 
and conduct electrophysiological studies for the definitive 
diagnosis of diabetic neuropathy.

Applications of SWE in skeletal muscle

Compared to conventional muscle ultrasound, SWE has 
some limitations in applicability due methodological issues. 
In this study, we acquired ultrasound information in the 
supine position because SWV consistently demonstrates 
lower variability in relaxed positions than in stretched 
conditions (56). Moreover, the greater the measurement 
depth is, the higher the SWE measurement variability 
will be, and bone-proximity artifacts can also impact the 
measurements (57). This might explain why the SWV 
value of the VI was different from those of the other three 
muscles of the quadriceps femoris. 

Therefore, the quadriceps femoris was chosen as a 
representative object for the study of muscle function, 
especially as it did not require special positioning. The 
quadriceps femoris served as a muscle group with consistent 
knee extension function, but the RF muscle displayed a 
significant SWV difference between the groups, which 

was related to a reduction in muscle strength. This was 
consistent with the findings obtained from the calculation 
of the SWV averages for the quadriceps. Therefore, we 
suggest that future SWE studies in patients with diabetes 
should adopt the RF as a representative muscle to minimize 
data acquisition time.

Limitations

This study has several limitations that should be mentioned. 
First, skeletal muscle plays an important role in glucose 
uptake, and metabolic disorders can be associated with 
muscle impairment in patients with diabetes (36); however, 
we did not examine the metabolic status in this study. Second, 
we did not investigate the effect of other complications 
such as peripheral arterial disease, which has been proven 
to be related to decreased muscular function in the lower 
extremities. Nonetheless, we found that the results obtained 
from conventional ultrasound and SWE were consistent. 
Therefore, future studies should recruit a sufficiently 
large sample of participants and observe disease duration 
to determine the potential value of SWE measurement 
conducted before changes in muscle morphology occur.

Conclusions

Our findings demonstrate that ultrasound can be used 
to evaluate muscle mass and strength in patients with 
diabetes. Decreased thigh muscle stiffness was correlated 
with diminished lower-extremity strength and functional 
impairment. However, our results did not support the 
negative effect of DPN on muscle stiffness. Quantitative 
SWE measurement can serve as convenient means for 
detecting biomechanical alterations in diseased muscles. 
Further studies in large populations with diabetes and long-
term observations are warranted to confirm the application 
of SWE in this context.
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Table S1 The SARC-F questionnaire

Component Question Scoring

Strength How much difficulty do you have in lifting and carrying 10 pounds? None =0

Some =1

A lot or unable =2

Assistance in walking How much difficulty do you have walking across a room? None =0

Some =1

A lot, used aids, or unable =2

Rise from a chair How much difficulty do you have transferring from a chair or bed? None =0

Some =1

A lot or unable without help =2

Climb stairs How much difficulty do you have climbing a flight of 10 stairs? None =0

Some =1

A lot or unable =2

Falls How many times have you fallen in the past year? None =0

1–3 falls =1

4 or more falls =2

Source: Malmstrom TK, Morley JE. J Am Med Dir Assoc 2013. SARC-F, Strength, Assistance with Walking, Rising from a Chair, Climbing 
Stairs, and Falls. 

Figure S1 Flowchart of participant inclusion. T2DM, type 2 diabetes mellitus; ADA, American Diabetes Association; DPN, diabetic 
peripheral neuropathy.
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Table S2 Comparison of the demographic, clinical and muscle assessments, and ultrasonic parameters between patients with DPN, patients 
without DPN, and healthy controls

Characteristics With DPN (n=26) Without DPN (n=34) Healthy controls (n=35) P value

Baseline characteristics

Age (years) 60.35±7.82 55.06±10.81 55.23±9.16 0.063

Height (cm) 162.42±7.9 161.18±7.74 162.51±7.38 0.727

Weight (kg) 61.58±11.45 64.44±14.69 64.65±11.34 0.596

BMI (kg/m2) 23.23±3.37 24.67±4.7 24.33±2.96 0.326

Thigh circumference (cm) 42.19±3.64 44.84±4.4 45.69±3.21 0.002*

Calf circumference (cm) 33.4±3.10 34.96±3.26 35.71±2.91 0.002*

Clinical and muscle assessments

CST 30.04±7.93 37.71±10.70 46.37±11.77 <0.001*

TUGT (s) 10.72±2.34 9.50±1.79 8.67±1.39 <0.001*

6MWT (m/s) 1.03±0.18 1.11±0.20 1.19±0.17 0.005*

SPPB 10.73±1.34 11.41±0.99 11.89±0.47 <0.001*

Handgrip strength (kg) 31.33±10.44 29.78±9.27 34.05±9.45 0.226

SARC-F 0.35±0.69 0.24±0.43 0.06±0.24 0.053

Isokinetic muscle testing

PT 66.58±21.51 86.18±34.63 97.14±30.44 0.001*

PT/BW 1.09±0.34 1.32±0.35 1.49±0.33 <0.001*

TW 515.54±180.89 690.65±283.51 791.76±247.52 <0.001*

Conventional ultrasound

RF thickness (mm) 9.66±2.63 11.47±3.42 13.09±2.41 <0.001*

AQ thickness (mm) 21.68±5.33 24.81±8.03 27.25±5.25 0.005*

RF-CSA (cm2) 2.73±1.05 3.28±1.09 4.11±0.95 <0.001*

SWE

RF (m/s) 1.65±0.28 1.67±0.18 1.83±0.18 0.002*

VI (m/s) 2.58±0.38 2.6±0.32 2.52±0.23 0.629

VM (m/s) 1.30±0.14 1.37±0.15 1.51±0.16 <0.001*

VL (m/s) 1.32±0.18 1.43±0.18 1.53±0.19 <0.001*

AVER (m/s) 1.70±0.20 1.75±0.15 1.84±0.12 0.001*

BB (m/s) 3.56±0.39 3.44±0.36 3.61±0.61 0.332

The results are expressed as the mean ± standard deviation and the corresponding P value. *, P<0.05 indicates a significant difference. 
DPN, diabetic peripheral neuropathy; BMI, body mass index; CST, 30-s chair stand test; TUGT, the timed up-and-go test; 6MWT, 6-meter 
walk test; SPPB, short physical performance battery; SARC-F, Strength, Assistance with Walking, Rising from a Chair, Climbing Stairs, 
and Falls; PT, peak torque; PT/BW, peak torque to body weight ratio; TW, total work; RF, rectus femoris; AQ, anterior quadriceps; RF-
CSA, rectus femoris cross-sectional area; SWE, shear wave elastography; VI, vastus intermedius; VM, vastus medialis; VL, vastus lateralis; 
AVER, average SWV values of the RF, VI, VM, and VL; SWV, shear wave velocity; BB, biceps brachii.



Table S3 The results of multiple comparisons between patients with DPN, patients without DPN, and healthy controls

Parameter Subgroups 95% CI of mean difference Standard error P value

Thigh circumference (cm) Without DPN/with DPN 2.65 (0.24, 5.06) 0.987 0.026*

Without DPN/healthy controls −0.85 (−3.07, 1.37) 0.912 >0.99

With DPN/healthy controls −3.50 (−5.89, −1.11) 0.981 0.002*

Calf circumference (cm) Without DPN/with DPN 1.55 (−0.41, 3.51) 0.805 0.171

Without DPN/healthy controls −0.75 (−2.56, 1.06) 0.744 0.946

With DPN/healthy controls −2.30 (−4.25, −0.35) 0.800 0.015

Clinical and muscle assessments

CST Without DPN
with DPN

7.67 (1.03, 14.31) 2.724 0.018*

Without DPN/healthy controls −8.67 (−14.81, −2.53) 2.518 0.003*

With DPN/healthy controls −16.33 (−22.93, −9.73) 2.707 <0.001*

TUGT (s) Without DPN/with DPN −1.21 (−2.37, −0.05) 0.477 0.038*

Without DPN/healthy controls 0.83 (−0.25, 1.91) 0.441 0.186

With DPN/healthy controls 2.04 (0.88, 3.20) 0.474 <0.001*

6MWT (m/s) Without DPN/with DPN 0.08 (−0.04, 0.20) 0.048 0.285

Without DPN/healthy controls −0.08 (−0.19, 0.03) 0.044 0.249

With DPN/healthy controls −0.16 (−0.28, −0.04) 0.048 0.004*

SPPB Without DPN/with DPN 0.68 (0.07, 1.29) 0.250 0.023*

Without DPN/healthy controls −0.47 (−1.03, 0.09) 0.231 0.130

With DPN/healthy controls −1.15 (−1.76, −0.54) 0.249 <0.001*

Isokinetic muscle testing

PT Without DPN/with DPN 19.60 (0.56, 38.64) 7.808 0.041*

Without DPN/healthy controls −10.97 (−28.57, 6.63) 7.217 0.396

With DPN/healthy controls −30.57 (−49.49, −11.65) 7.760 <0.001*

PT/BW Without DPN/with DPN 0.23 (0.01, 0.45) 0.089 0.036*

Without DPN/healthy controls −0.17 (−0.37, 0.03) 0.082 0.114

With DPN/healthy controls −0.40 (−0.61, −0.19) 0.088 <0.001*

TW Without DPN/with DPN 175.11 (19.02, 331.20) 64.010 0.022*

Without DPN/healthy controls −101.11 (−245.38, 43.16) 59.163 0.272

With DPN/healthy controls −276.22 (−431.34, −121.10) 63.612 <0.001*

Conventional ultrasound

RF thickness (mm) Without DPN/with DPN 1.81 (−0.01, 3.63) 0.748 0.052

Without DPN/healthy controls −1.61 (−3.30, 0.08) 0.691 0.065

With DPN/healthy controls −3.43 (−5.24, −1.62) 0.743 <0.001*

AQ thickness (mm) Without DPN/with DPN 3.13 (−0.94, 7.20) 1.668 0.191

Without DPN/healthy controls −2.44 (−6.20, 1.32) 1.542 0.352

With DPN/healthy controls −5.57 (−9.61, −1.53) 1.658 0.003*

RF-CSA (cm2) Without DPN/with DPN 0.55 (−0.10, 1.20) 0.268 0.131

Without DPN/healthy controls −0.83 (−1.43, −0.23) 0.248 0.003*

With DPN/healthy controls −1.38 (−2.03, −0.73) 0.266 <0.001*

SWE

RF Without DPN/with DPN 0.02 (−0.11, 0.15) 0.055 >0.99

Without DPN/healthy controls −0.16 (−0.28, −0.04) 0.051 0.008*

With DPN/healthy controls −0.18 (−0.31, −0.05) 0.055 0.005*

VM Without DPN/with DPN 0.08 (−0.02, 0.18) 0.040 0.195

Without DPN/healthy controls −0.14 (−0.23, −0.05) 0.037 0.001*

With DPN/healthy controls −0.21 (−0.31, −0.11) 0.040 <0.001*

VL Without DPN/with DPN 0.11 (−0.01, 0.23) 0.048 0.061

Without DPN/healthy controls −0.10 (−0.21, 0.01) 0.045 0.086

With DPN/healthy controls −0.21 (−0.33, −0.09) 0.048 <0.001*

AVER Without DPN/with DPN 0.05 (−0.05, 0.15) 0.040 0.749

Without DPN/healthy controls −0.10 (−0.19, −0.01) 0.037 0.031*

With DPN/healthy controls −0.14 (−0.24, −0.04) 0.040 0.002*

The results are expressed as the mean ± standard deviation, 95% CI of the mean difference, standard error, and corresponding P value. 
The two-by-two comparison method used here was the Bonferroni method. *, P<0.05 indicates a significant difference. DPN, diabetic 
peripheral neuropathy; CI, confidence interval; CST, 30-s chair stand test; TUGT, timed up-and-ho test; 6MWT, 6-meter walk test; SPPB, 
short physical performance battery; SARC-F, Strength, Assistance with Walking, Rising from a Chair, Climbing Stairs, and Falls; PT, peak 
torque; PT/BW, peak torque to body weight ratio; TW, total work; RF, rectus femoris; AQ, anterior quadriceps; RF-CSA, rectus femoris 
cross-sectional area; SWE, shear wave elastography; RF, rectus femoris; VI, vastus intermedius; VM, vastus medialis; VL, vastus lateralis; 
AVER, average SWV values of the RF, VI, VM, and VL; SWV, shear wave velocity; BB, biceps brachii.
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Table S4 Interoperator reproducibility of the repeated ultrasound measurements

Parameter ICC 95% CI F value P value

Conventional ultrasound

R-RF thickness (mm) 0.986 0.979–0.991 71.608 <0.001*

R-AQ thickness (mm) 0.918 0.876–0.946 12.196 <0.001*

R-RF-CSA (cm2) 0.975 0.962–0.983 39.268 <0.001*

L-RF thickness (mm) 0.990 0.984–0.994 106.201 <0.001*

L-AQ thickness (mm) 0.993 0.989–0.995 139.713 <0.001*

L-RF-CSA (cm2) 0.988 0.981–0.992 84.041 <0.001*

SWE

R-RF 0.976 0.965–0.984 42.087 <0.001*

R-VI 0.945 0.916–0.964 17.900 <0.001*

R-VM 0.946 0.917–0.964 19.120 <0.001*

R-VL 0.923 0.883–0.949 13.215 <0.001*

L-RF 0.965 0.947–0.977 28.318 <0.001*

L-VI 0.827 0.735–0.886 5.718 <0.001*

L-VM 0.953 0.930–0.969 21.821 <0.001*

L-VL 0.968 0.952–0.979 30.912 <0.001*

R-BB 0.964 0.946–0.976 27.462 <0.001*

L-BB 0.934 0.901–0.957 15.109 <0.001*

*, P<0.05 indicates a significant difference. ICC, interclass correlation coefficient; CI, confidence interval; R, right limb; RF, rectus femoris; 
AQ, anterior quadriceps; RF-CSA, rectus femoris cross-sectional area; L, left limb; SWE, shear wave elastography; RF, rectus femoris; VI, 
vastus intermedius; VM, vastus medialis; VL, vastus lateralis; BB, biceps brachii.


