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SUMMARY
Background. This study sought to compare the ultrasound tissue characteristics of the 
muscles (including muscle thickness, echo intensity, and stiffness) and tendons (including 
thickness, stiffness, and peak spatial frequency radius (PSFR)) of participants with or with-
out diabetes mellitus. Moreover, the study sought to determine any relationships between 
the muscle stiffness and strength or tendon PSFR and the results of blood tests, including 
the glycation or lipid profiles, of the diabetics. 
Methods. Twenty-three participants with type 2 diabetes mellitus and nineteen controls 
without a history of diabetes were recruited. 
Results. The diabetic muscles exhibited less thickness (P=0.024), greater echo intensity 
(P=0.033 and 0.002), and lower muscle stiffness (P=0.015 and 0.009) than the control 
muscles. Furthermore, the diabetic tendons exhibited a lower PSFR (P ranged between 
0.037 and <0.001). There were correlations between the resting stiffness of the gastroc-
nemius muscle and the height of heel lifting (r=0.450, P=0.031), between the PSFR in 
the patellar tendon and the hemoglobin A1c level (r= -0.539, P=0.017), and between the 
PSFR in the Achilles tendon and the high-density lipoprotein cholesterol level (r=0.545, 
P=0.019).
Conclusions. The diabetic muscles and tendons exhibited morphomechanical changes 
associated with force capacity or markers of insulin resistance. Clinical applications of 
musculoskeletal ultrasound techniques to diabetics include using them to design exercise 
strategies and for microstructural screening.
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BACKGROUND
Diabetes mellitus (DM) is a major cause of mortality and 
functional disability worldwide, and the complications 
resulting from it include microvascular diseases and muscu-
loskeletal disorders (1). Long-term hyperglycemia and 
impaired lipid metabolism are considered to be among the 
causes of the diabetic myotendinous disorders, which may 
be accompanied by morphological (structural) changes, 
dysfunction, and pain (2). In a magnetic resonance imaging 
study focusing on morphology, diabetic calf muscles were 
found to exhibit atrophy with fat infiltration, loss of muscle 
mass, increased fatigability, and a greater reliance on glyco-
lytic metabolism in comparison to the muscles of controls 
without diabetes (3). In a study observing the micro-struc-
ture and morphology of the Achilles tendons of patients 
with long-term DM using an electron microscope, it was 
reported that such tendons have reduced fiber diameter, 
increased collagen fiber bulk density, and abnormal fiber 
morphology (4). These findings themselves suggest possi-
ble mechanisms underlying the findings of other reports 
indicating that (a) the hyperechoic appearance of diabetic 
muscles in ultrasound imaging correctly predicted diabetes 
in 70 of 79 patients (5); (b) long-term diabetes is associat-
ed with a high prevalence of chronic Achilles tendinopa-
thy, including hypoechogenicity, entheseal thickening, and 
enthesophytes (2,6); and (c) diabetic tendons demonstrate 
inferior elasticity (Young modulus), maximum load, and 
stiffness levels (7,8). Theoretically, these respective muscle 
morphological and tendon microstructural changes are the 
causes of diabetic muscle force compromise, in addition to 
being evidence of diabetic complications in tissues with low 
reparative capacity. However, the studies referenced above 
left unanswered questions about (a) whether atrophy with 
fat infiltration in diabetic muscles leads to a reduction of 
muscle stiffness, which is an elemental determinant of force 
development; (b) whether abnormal morphology and disor-
ganization of the collagen fibrils in the diabetic tendon 
could reflect on the primary fiber bundle, the basic unit 
of transmitting and resisting tensile stresses in the tendon 
(9); and (c) whether the aforementioned morphomechani-
cal changes are associated with force production within the 
myotendinous complex or the profiles of blood biomarkers 
representing the pathology of diabetes. Further studies are 
thus required to answer the above questions and establish 
clinical protocols for periodic evaluations to monitor diabe-
tes-related myotendinous deteriorations.
High-resolution B mode ultrasonography and elastography 
have been determined to be reliable techniques for measur-
ing the echo intensity (EI), mechanical stiffness (elastic 
modulus), and morphologies of skeletal muscle. Skeletal 
muscle stiffness is determined using shear-wave elastogra-

phy according to the tension produced by muscle contrac-
tion and mechanical properties along the muscle fibers (10). 
In addition, changes in the physical characteristics of the 
microstructure of the tissue can be quantified by detecting 
the energy behavior of scattering of the B-mode image struc-
ture with spectral analyses of the waveform data of ultrason-
ic radiofrequency signals, such as a high proportion of ener-
gy at low frequencies as the scatter size increases (11). Other 
studies have shown the microstructural changes that occur 
in tendinopathy via the low values of peak spatial frequen-
cy radius (PSFR), which consists of the distance from the 
origin to the spatial frequency peak of greatest amplitude 
on the 2-D fast Fourier transform spectrum, exhibited in 
symptomatic subjects (12). It was inferred that, the ultra-
sound wavelength ranged between 0.32 mm (320 μm) and 
0.13 mm (130 μm), with a 5-12 MHz probe being able to 
detect the scattering from the structures forming a prima-
ry bundle or subfascicle (15-400 µm in diameter), which 
was mainly composed of collagen fibrils (with diameters 
of 30-300 nm) and small collagen fibers (with diameters of 
1-300 µm) (9). Collectively, DM-associated deteriorations in 
muscle mechanical properties and tendon microstructures 
respectively represent the compromised capacity of muscle 
force production and the pathologies of diabetes and can 
be assessed by elastographic and ultrasonic tissue charac-
terization using spectrum analysis. However, profiles of the 
above characteristics have not been reported or completely 
analyzed in past studies.
The aim of the present study, therefore, was two-fold. First, 
to measure and compare the ultrasound tissue characteris-
tics of the muscles (including muscle thickness, EI, and stiff-
ness) and tendons (including thickness, stiffness, and PSFR) 
of participants with DM who demonstrated negative results 
in peripheral vascular and nerve screening testing to those 
of participants without DM. In addition, the study sought 
to determine any relationships between the muscle stiffness 
and strength or tendon PSFR and the results of blood tests, 
including the glycation or lipid profiles, in the participants 
with DM. We hypothesized that there would be differences 
in the aforementioned ultrasonic tissue characteristics of the 
myotendinous complex of the lower extremities in the DM 
patients when compared to controls. Furthermore, it was 
hypothesized that, in the DM group, the stiffness in certain 
muscles (namely, the vastus lateralis and medial gastroc-
nemius) and the PSFR in the tendons (namely, the patel-
lar and Achilles tendons) would be associated, respectively, 
with muscle strength results and blood test results, includ-
ing hemoglobin A1c (HbA1c) and high-density lipoprotein 
cholesterol (HDL-C) levels. The HbA1c and HDL-C levels 
were chosen because abnormalities in serum lipid profiles 
and HbA1c levels represent markers of insulin resistance 
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and the risk for micro- and macroangiopathies in known 
type 2 diabetic patients (13).

MATERIALS AND METHODS

Subjects and study design
This study utilized a cross-sectional design that compared a 
group of diabetic participants with another group of partici-
pants who were matched in terms of physical characteristics 
but did not have a history of DM. This study was approved 
by the institutional review board of National Taiwan 
University Hospital (reference no. 201703035RINC) and 
meets the ethical standards of the journal (14). All of the 
eligible diabetic and control participants were recruited 
from an outpatient clinic of a university-affiliated hospital. 
Written informed consent was obtained from all the partic-
ipants prior to participation, and details that might disclose 
the identity of the participants have been omitted. All the 
diabetic participants were between 30 and 80 years old and 
were recruited based on the 2018 criteria of the Ameri-
can Diabetes Association (15) and their negative results on 
peripheral vascular or nerve screening tests, including their 
ankle-brachial index results (< 0.9 or >1.3), Semmes Wein-
stein monofilament examination results (any one of 4 sites 
was insensate on each foot), and 128-Hz tuning fork vibra-
tion test results (perceptions - 5 seconds). The participants 
in the control group who were matched in terms of phys-
ical characteristics to the DM group were recruited from 
the hospital department of volunteer and charity workers. 
The inclusion criteria for the control participants included 
no history of DM. Any of the potential participants were 
excluded if they had risk factors for structural weakness 
in the myotendinous complex, including a chronic kidney 
injury treated with hemodialysis, hyperuricemia, rheuma-
toid arthritis, systemic lupus erythematosus, osteogenesis 
imperfecta, musculoskeletal tuberculosis, parathyroidism, 
hypothyroidism, or alkaptonuria.

Experimental protocol
The participants were asked to change into a hospital gown 
if their clothes prevented ultrasonographic measurements 
of the rectus femoris, vastus lateralis, quadriceps tendon, 
patellar tendon, medial gastrocnemius, or Achilles tendon. 
They were instructed to rest for 10 minutes and fill out a 
brief questionnaire including questions regarding their 
DM history. Ultrasound image acquisition was conduct-
ed in the medical imaging department of the university 
hospital with an Aixplorer® system (Supersonic Imaging, 
Aix-en-Provence, France) coupled with an SL15-4 probe. 

The Young’s modulus, grayscale image features, thickness, 
and PSFR of the aforementioned muscles or tendons were 
measured in a longitudinal view. The elasticity measure-
ments using a round region of interest (ROI) with an 
approximately 4-7 mm diameter were recorded with the 
mean resting Young’s modulus within the ROI on the same 
aforementioned muscles and tendons. During each elasticity 
measurement, the ultrasound transducer was kept station-
ary for 10 s during the acquisition of the image (figure 1 
A-F). To standardize and optimize the image quality and to 
avoid variability in the B-mode images, the gain was adjust-
ed to a default set of control settings (46-48%), and the 
focus area was increased to maximum and kept consistent 
across all the participants to adjust for differences in muscle 
size among the participants. Muscle thickness assessed by 
B-mode ultrasound was measured as the distance between 
the superficial and deep aponeuroses at the mid-line of 
the image, while the tendon thickness was determined by 
the maximum anteroposterior diameter of the tendons. 
The measurements for the rectus femoris and vastus later-
alis muscles (on the lower third of the thigh), quadriceps 
tendon, and patellar tendon were conducted with the partic-
ipant positioned in a supine position with the knee flexed at 
60°, with this position maintained by pillows placed under 
the tested knee. Ultrasound measurements of the quadri-
ceps and patellar tendons were respectively conducted at 
1.5 cm above the superior border of the patella and in the 
area around the middle portion of the patellar tendon. For 
measurements of the proximal third of the gastrocnemius 
medialis muscle (i.e., the region between the lateral malleo-
lus of the ankle and the lateral condyle of the knee) and the 
mid-portion of the Achilles tendon (i.e., the region 2-4 cm 
proximal to the calcaneal insertion), each subject lay prone 
(face down) on an examination bed with both ankles hang-
ing over the edge of the bed, with the foot being placed at 
an angle of 90° to the tibia.
B-mode ultrasound images were stored as jpeg files and 
transferred to a computer for processing regarding the 
muscle EI and tendon PSFR. The mean pixel intensity 
(i.e., the EI) of the selected muscle regions was obtained 
by gray-scale analysis using the standard histogram func-
tion in Image-J (ImageJ, U. S. National Institutes of Health, 
Bethesda, Maryland, USA) without any bone, aponeurosis, 
or surrounding fascia. The mean EI values for the different 
regions of muscle were expressed in values ranging between 
0 and 256 (0: black; 256: white). The measurements of 
tendon PSFR were conducted using a protocol similar to 
that used by Kulig et al. (12), including the use of custom 
image analysis programs written in MATLAB (Mathworks, 
Natick, MA, USA). A quadrilateral-shaped ROI enclosing a 
maximum tendon area corresponding to the mid-substance 
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Figure 1. The measurements of and Young's modulus (shear-wave velocity) of the rectus femoris muscle (A), vastus lateralis 
muscle (B), medial gastrocnemius muscle (C), quadriceps tendon (D), patellar tendon (E), and Achilles tendon (F).
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of the tendon without the distal and proximal image (i.e., 
the distal and proximal tendon curvature) was selected for 
each PSFR measurement (12) (figure 2 A-C). Within the 
ROI, the PSFR in every 2 mm-square kernel (32 x 32 pixel) 
circumscribed by the ROI was analyzed and averaged for 
each image (12).
After the ultrasonographic measurements, the participants 
were assessed in two strength testing sessions, the first of 
which involved the knee extension exercise and the second 
of which involved the heel raising exercise. There was a 
five-minutes interval of rest between the two sessions. During 
the testing sessions, each participant was first instructed to 
perform the maximum isometric knee extension in a sitting 
position and then the one-legged heel raising in a standing 
position using his or her bodyweight. The knee testing was 
completed with a customized wheelchair with an affixed 
load cell attached to the ankle cuff just above the medial 
malleolus, with the lumbar-hip and knee joints respectively 
positioned at 100-110° and 60° extensions (with 0° corre-
sponding to the complete extension). Both upper limbs of 
each participant were kept crossed in front of the partici-
pant’s chest. In the heel raising testing, each participant was 
asked to stand on the tested leg and instructed to perform 
maximal heel lifting. The participant was allowed to touch a 
wall with an index finger at the shoulder level to maintain a 
steady one-leg standing position. The maximal force for the 
knee extension exercise and height for the heel raising exer-
cise were recorded.

Laboratory tests 
Results of blood tests (including tests of HbA1c, triacylglyc-
erol (TG), total cholesterol, low-density cholesterol (LDL), 
and HDL-C levels) were collected over a period of approx-
imately 6 months. The HbA1c and HDL-C levels were 
enrolled for the correlation analyses.

STATISTICAL ANALYSIS 
The Shapiro-Wilk test was used to determine if the data for 
all the variables were normally distributed. The Mann-Whit-
ney U test was used to analyze the differences between the 
diabetic tendons and non-diabetic tendons. Spearman’s 
rank correlation coefficients were calculated to determine 
whether, respectively, the muscle Young’s modulus and 
force production capacities (i.e., the knee extension torque 
and the heel lifting height) and the tendon microstructur-
al characteristics and laboratory blood test results (HbA1c 
and HDL-C levels) were related. All of the analyses were 
performed using SPSS 22.0 for Windows (SPSS Inc, Chica-
go, IL, USA), with the α level set at 0.05.

Figure 2. The measurements of peak spatial frequency radi-
us (PSFR) for the quadriceps (A), patellar (B), and Achilles (C) 
tendons. 
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B
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RESULTS

Participants
Twenty-three participants with type 2 DM and nineteen 
physically matched controls without a history of diabetes 
were recruited. The characteristics of the participants are 
summarized in Table 1. None of the diabetic participants 
had shown complications or signs of high risks of peripher-
al artery disease or neuropathy, such as the loss of the sensa-
tion of touch (table I). There were no significant differ-
ences in age or gender between the diabetic and control 
groups (both P>0.05), while the height of heel lifting was 
found to be greater in the controls (P<0.001). The blood 
laboratory test results for the diabetic participants ranged 
between normal and moderate hypertriglyceridemia (TGs 
between 150–499 mg/dL), between normal and accept-
able LDL levels (100-129 mg/dl), and between low (HDL 
<50 mg/dl) and normal HDL levels (16). The investigat-
ed diabetic muscles exhibited less thickness (P=0.024), 
greater EI (P=0.033 and 0.002), and lower muscle stiff-
ness (P=0.015 and 0.009) when compared to the control 
muscles. In addition, the diabetic tendons exhibited a 
lower PSFR (P ranged between 0.037 and <0.001) (table 
II); however, this was not consistent with the thickness 
and material stiffness results observed (all P>0.05) (table 

III). There were correlations between the resting stiffness 
of the gastrocnemius muscle and the height of heel lift-
ing (r=0.490, P=0.021), between the PSFR in the patel-
lar tendon and the HbA1c level (r= -0.539, P=0.017), and 
between the PSFR in the Achilles tendon and the HDL-C 
level (r=0.545, P=0.012).

DISCUSSION
The results of this study verified our hypotheses and demon-
strated that diabetes has effects on the morphomechanical 
properties of the muscles and tendons, as well as their asso-
ciations with, respectively, plantarflexor muscle strength and 
blood sugar/lipid levels. These findings expand the existing 
knowledge of how long-term hyperglycemia and impaired 
sugar/lipid metabolism impact the mechanical properties 
and micro-structure, respectively, in muscles and tendons. 
They also provide further information regarding possible 
mechanisms of diabetic muscle weakness and tendinop-
athy genesis in type 2 DM patients. Moreover, they high-
light exercise strategies for early detected or well-controlled 
diabetes patients without significant signs of peripheral 
vascular disease and neuropathy aimed at preventing func-
tional disability and tendon pain. In addition, they also indi-
cate the potential contributions of ultrasound techniques in 

Table I. Physical characteristics, laboratory test results, and muscle strength levels of the participants with and without 
diabetes mellitus.

Diabetic group (N=23) Non-diabetic group 
(N=19)

P value

Age (in years) 65 (51-70) 65 (45-70) 0.551

Gender (M/F) 12/11 10/9 0.363

History (in years) 9.5 (3.0-23.0) NA

HAb1C (%) 7.3 (5.9-10.5) NA

TG (mg/dL) 86.0 (37.0-509.0) NA

T-CHO (mg/dL) 164.0 (124.0-242.0) NA

LDL-C (mg/dL) 94.0 (51.0-132.0) NA

HDL-C (mg/dL) 49.5 (33.0-66.0) NA

Ankle-brachial index - right side 1.2 (1.1-1.3) NA

Ankle-brachial index - left side 1.2 (1.1-1.3) NA

Semmes-Weinstein test - right foot 0.0 (0.0-0.0) NA

Semmes-Weinstein test - left foot 0.0 (0.0-0.0) NA

Vibration test - right foot 7.0 (6.0-8.0) NA

Vibration test - left foot 7.0 (6.0-8.0) NA

Knee isometric extension (kg) 21.0 (8.96-45.7) 22.6 (16.2-34.2) 0.336

Heel raising height (cm) 10.0 (6.0-12.5) 11.8 (7.2-14.1) <0.001
Abbreviations: NA, not available. Results are presented as median values, with the range between the minimum and maximum values in the parentheses.
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Table III. Ultrasonic tissue characteristics of tendons in the participants with and without diabetes mellitus.

Diabetic group
(N=23)

Non-diabetic group
(N=19)

P value

Thickness (cm)
Quadriceps tendon 0.58 (0.43-0.72) 0.51 (0.40-0.66) 0.558

Patellar tendon (M) 0.38 (0.29-0.54) 0.33 (0.30-0.44) 0.068

Achilles tendon (M) 0.49 (0.28-0.66) 0.51 (0.32-0.64) 0.980

PSFR (A. U.)
Quadriceps tendon 1.25 (0.70-2.33) 1.48 (0.83-2.72) 0.037*

Patellar tendon (M) 1.47 (0.83-2.58) 2.08 (0.83-3.08) 0.003*

Achilles tendon (M) 1.21 (0.70-2.45) 2.08 (1.33-2.95) <0.001*

Mechanical stiffness (kilopascal)
Quadriceps tendon 294.0 (179.4-508.4) 233.6 (108.7-446.6) 0.071

Patellar tendon (M) 188.3 (57.9-341.3) 163.7 (69.9-334.1) 0.503

Achilles tendon (M) 373.0 (166.30-532.90) 298.0 (121.7-475.4) 0.126
Results are presented as median values, with the range between the minimum and maximum values in the parentheses. * means a significant difference. M 
means the middle portion of the tendon. A. U. means arbitrary unit.

Table II. Ultrasonic tissue characteristics of muscles in the participants with and without diabetes mellitus.

Diabetic group
(N=23)

Non-diabetic group
(N=19)

P value

Muscle thickness (cm)
Rectus femoris 1.17 (0.86-1.76) 1.08 (0.75-1.46) 0.225

Vastus lateralis 1.52 (1.15-1.98) 1.48 (0.89-2.31) 0.781

Medial gastrocnemius 1.31 (0.95-1.91) 1.59 (0.93-2.23) 0.024*

Echo intensity (A. U.)
Rectus femoris 75.54 (41.29-123.47) 64.93 (29.66-114.10) 0.033*

Vastus lateralis 84.65 (50.80-122.00) 66.6 (38.65-116.63) 0.067

Medial gastrocnemius 80.14 (34.29-113.44) 50.69 (28.35-109.53) 0.002*

Mechanical stiffness (kilopascal)
Rectus femoris 12.10 (8.20-65.60) 14.90 (9.70-68.00) 0.197

Vastus lateralis 12.00 (8.50-21.20) 14.70 (9.6-31.9) 0.015*

Medial gastrocnemius 16.30 (8.70-28.40) 18.50 (10.70-54.3) 0.009*
Results are presented as median values, with the range between the minimum and maximum values in the parentheses.* means a significant difference. A. 
U. means arbitrary unit.

assessing muscle tissue characteristics and screening tendon 
pathogenesis in patients with metabolic disorders.
In the present study, the ultrasonic tissue characteristic 
results for diabetic muscles at rest indicated that in type 
2 DM patients without peripheral vascular and neuro-
pathic signs, the main deterioration of skeletal muscles in 
the lower extremities included decreases of muscle mass 
(reduced thickness), the accumulation of intramuscular fat 
(increased EI), and the reduction of the mechanical proper-

ty (Young’s modulus or shear-wave velocity). These results 
are consistent with previous studies that reported that (a) 
leg muscle thickness levels are reduced in diabetic patients 
without neuropathic signs (17) and (b) there is excessive 
fat infiltration in leg skeletal muscles in individuals with 
obesity and DM (18). Since the muscle fiber bundles are 
composites of fibers and extracellular matrix (ECM) that 
bear the majority of passive muscle loads (19), the reduced 
shear-wave velocity or Young’s modulus in muscles in this 
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study may be related to reduced contractile and biochem-
ical properties of muscle fibers (20); adverse remodeling 
of the ECM in diabetic muscle, including irregular orga-
nization and decreased matrix metalloproteinase (MMP) 
activation (21); and increases of intramuscular fat (18) in 
diabetes. The reduced muscle Young’s modulus found in 
this study has three clinical implications: (a) insulin resis-
tance and diabetes are detrimental to the mechanical prop-
erties of muscle fiber and ECM, muscle composition, and 
force production, an implication which is supported by the 
correlation between the calf muscle Young’s modulus and 
the maximal heel lifting height in the present study; (b) the 
adaptive capacity of diabetic muscles for exercise or physi-
cal training may be reduced due to the diminished Young’s 
modulus, which jeopardizes the force transmission, and the 
sensitivity of the muscle to mechanical stimulation (22); and 
(c) based on our findings showing that the medial gastroc-
nemius muscle has all of the aforementioned deterioration 
characteristics in diabetic muscles, the calf (distal) muscles 
of patients may develop diabetic myopathy earlier than the 
hip or thigh (proximal) muscles, and therefore, progres-
sive strengthening and stretching exercises for leg muscles 
are strongly recommended for early detected or well-con-
trolled diabetes. This exercise strategy is aimed at prevent-
ing muscle dysfunction and tendon pain. The benefits of 
exercises may include the promotion of ECM production 
and stiffness through mechanical stimulation (23). Although 
exercise might be beneficial to the turnover of ECM struc-
ture and could potentially lead to an attenuation of ECM 
accumulation as seen during chronic metabolic disease 
in humans (24), there have been few studies to illuminate 
differences in the effects of active and passive training on 
the muscle ECM. It is thus suggested that elastography be 
utilized in future studies to periodically measure the effects 
of exercise on the muscle ECM, to monitor deterioration 
in the muscle tissue, and to estimate the capacity of muscle 
force generation in diabetic patients.
The ultrasound results in this study regarding the micro-
structure (PSFR) of tendon tissue indicated that the diabet-
ic tendons showed altered structural and composition char-
acteristics in terms of packing density and alignment of the 
collagen bundles and fibrils consisting of changes of sizes, 
density, spatial alignments, and distribution (organization) 
(12). These results echo those of a previous study that report-
ed increased packing density of collagen fibrils, decreases in 
fibrillar diameter, and abnormal fibril morphology consist-
ing of twisted, curved, overlapping, and otherwise highly 
disorganized fibrils observed by electron microscopy in the 
Achilles tendons of diabetic patients (4). Combined with 
the results regarding correlations between the PSFR and the 
HbA1c or HDL-C levels found in this study, these morpho-

logic abnormalities of the collagen bundles and fibrils in 
diabetic tendons appear to be the result of nonenzymat-
ic glycation and the production of inflammatory cytokines 
expressed over the years in those suffering from DM (4,25). 
These microstructural changes are suggested to be the causes 
of reduced tendon flexibility, tendon thickening, and short-
ening of the Achilles tendon-gastrocnemius complex, as 
well as tendinopathy (2,4). The ultrasound characteristics of 
the quadriceps, patellar, and Achilles tendons found in this 
study indicated the early detection of tendon microstruc-
tural changes in diabetes, and suggest that microstructural 
abnormalities may begin prior to the occurrence of symp-
toms or macrostructural changes in diabetic tendons, such as 
tendon thickening and reduced tendon stiffness (2). Poten-
tial applications of the technology used in the current study 
thus include screening for the risk of tendinopathy in diabet-
ic patients while they are still asymptomatic. The results of 
this study support the conclusions that diabetic muscles 
and tendons exhibit early mechanical or structural changes, 
including reduced muscle Young’s modulus and PSFR in the 
tendons, and that the mechanical or structural changes in the 
Achilles tendon-gastrocnemius complex are associated with 
force capacity or markers of insulin resistance.

LIMITATIONS
This study limitations include the specific diabetic popula-
tion studied, such that the results must be interpreted with 
caution with respect to using well-controlled diabetes as 
a reference for the tendon system. In addition, this study 
did not analyze the effects of commonly prescribed drugs 
(including statins) that may affect the collagen structure and 
PSFR in patients with DM. Moreover, our results may not 
apply to diabetes with poor control or peripheral neurovas-
cular disease. 

Clinical implication
Based on our study results, which were gathered from partic-
ipants who had no peripheral neurovasculopathy, strengthen-
ing and stretching exercises for the calf muscles are strong-
ly recommended for prophylactic programs aimed at the 
prevention of lower extremity dysfunction. It is suggested 
that elastography and the scattering pattern approach be used 
in future studies to reveal the training effects of calf exercises 
and to verify the central role of mechanical and morpholog-
ical plasticity in functional recovery in diabetic participants.
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