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contribute to the decline of the general state of health of dia-
betic people [4] and may limit the therapeutic use of exer-
cise in these subjects.

In this regard, T2D was associated with complications 
affecting both tendons and skeletal muscles, leading to 
reduced mobility, pain, and an increased healthcare burden. 
Tendon complications are particularly common in indi-
viduals with T2D, who face nearly four times the risk of 
developing Achilles tendinopathy compared to non-diabetic 
individuals [5]. Another complication is diabetic myopathy, 
which can lead to pain and swelling of the affected muscles, 
reducing locomotor functions [6]. Even if these patholo-
gies are typically associated with poorly controlled diabetes 
[5], two recent studies [7, 8] observed impairment in ten-
don mechanical properties or joint cartilage quality (both 
assessed by MRI), even in individuals with early alterations 
in HbA1c levels, as seen in prediabetes.

From a mechanical point of view, Achilles tendon stiff-
ness (e.g. a reduced tendon elastic capacity) was proved to 
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Type 2 diabetes (T2D) affects several tissues, apparatuses 
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to alterations in the musculoskeletal system, which may 
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Abstract
Aims  This study aimed to investigate the impact of type 2 diabetes (T2D) on muscle and tendon mechanics by comparing 
individuals with controlled diabetes to a healthy cohort matched for age, BMI, and physical activity level. A secondary 
aim was to investigate the possible association between muscle-tendon proprieties and glycated haemoglobin (HbA1c) or 
advanced glycated end products (AGE, RAGE) as determined in blood and skin biopsies.
Methods  Twenty-eight patients and eighteen controls were recruited for this study. Achilles tendon stiffness (kT), muscle-
tendon stiffness (kM, in gastrocnemius medialis) and the rate of torque development (RTD) were evaluated by combining 
dynamometric and ultrasound data.
Results  Diabetic patients showed increased tendon stiffness and reduced tendon elongation compared to controls, but simi-
lar RTD and kM values. No differences in advanced glycation end products (in serum or biopsies) were observed between 
cohorts, but a significant positive correlation was observed between kT and HbA1c (r = 0.610, N = 46, P < 0.001).
Conclusion  Our data indicate that muscle, but not tendon, properties can be preserved in controlled and physically active 
diabetic patients and that higher tendon stiffness does not result in a functional deficit (i.e., same explosive capacity between 
cohorts). Although this study is cross-sectional and has a limited sample size, our data suggest a potential role of HbA1c as 
a non-invasive biomarker of altered tendon mechanics in people with diabetes.
ClinicalTrials.gov, protocol number  NCT05585502.
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be greater in diabetic patients compared to age-matched 
controls, the more so in those affected by peripheral neu-
ropathies (e.g. [9, 10]). ; on the other hand, no studies inves-
tigated so far eventual structural and functional alterations 
in skeletal muscle (e.g. muscle stiffness) in diabetic patients.

Changes in Achilles tendon (and possibly plantar flexor) 
mechanical properties in people with T2D could affect the 
muscle’s mechanical output and daily life activities. For 
instance, changes in Achilles tendon and muscle stiffness 
could affect an individual’s explosive force capacity, reflect-
ing the capacity to exert force rapidly in response to dif-
ferent tasks, including daily situations such as avoiding an 
obstacle while walking or recovering from an unexpected 
loss of balance [11].

The morphological abnormalities in the Achilles tendon 
of people with diabetes were suggested to result from non-
enzymatic glycation of the collagen fibres [12]. However, 
more recent studies of human tendons reported no evidence 
of increased advanced glycation end-products (AGEs) 
cross-linking in the tendons of patients with diabetes [10, 
13].

In light of this reasoning, the primary aim of this study 
was to investigate the impact of type 2 diabetes on mus-
cle and tendon mechanics by comparing individuals with 

controlled diabetes to a healthy cohort matched for age, 
BMI, and physical activity levels.

The specific purposes were: (i) to characterise muscle 
and tendon function (e.g. rate of force development, maxi-
mal force capacity, muscle stiffness and tendon stiffness) in 
these cohorts; (ii) to test whether eventual muscle/tendon 
mechanical alterations are associated with increased lev-
els of non-enzymatic glycation products (HbA1c, AGE or 
RAGE) in blood or skin biopsies.

Materials and methods

Participants

Twenty-eight T2D patients and eighteen healthy controls 
participated in this study (see Table 1 for participants’ char-
acteristics and supplementary materials for sample size cal-
culations). For all participants, inclusion criteria consisted 
of a body mass index between 23 and 30 kg m− 2, a moder-
ate level of physical activity in everyday life, an age range 
of 50–70 years and no previous history of musculoskeletal 
injury of the lower limbs. For patients, exclusion crite-
ria included: neuropathy of nondiabetic or diabetic origin; 
severe neuropathy; foot ulcers; arterial insufficiency; ankle/
foot arthritis; previous foot/knee surgery; previous Achilles 
tendon rupture; previous Charcot foot; cardiovascular and 
respiratory deficits; insulin therapy.

All patients were referred to the outpatient clinic of the 
Division of Endocrinology, Diabetes and Metabolism of 
Verona City Hospital (Italy). The antidiabetic therapies for 
the patients were the following: diet only (14.2%), metfor-
min (82.1%), sulphonylureas (10.7%), DPP4i (dipeptidyl 
peptidase 4 inhibitors, 14.3%), SGLT2i (sodium-glucose 
cotransporter-2-inhibitors, 25%), GLP-1a (glucagon-like 
peptide-1 receptor agonists, 25%).

The level of functional capacity was assessed using the 
IADL (Instrumental Activities Daily Living) and the ADL 
(Activities of Daily Living) questionnaires [14]; the level of 
physical activity was assessed using the IPAQ (International 
Physical Activity Questionnaire [15]), ; cognitive function 
was assessed using the Mini-Mental State Examination 
(MMSE [16]), .

The study conformed to the Declaration of Helsinki for 
the study on human subjects. The experimental protocol 
was approved by the local ethical committee (CESC AOUI, 
Verona; protocol number: 40428) and registered as a clinical 
trial (ClinicalTrials.gov, protocol number: NCT05585502). 
All participants provided their written informed consent for 
the experimental procedures.

Table 1  Participants’ characteristics (data are means ± standard devia-
tion)
n (M/F) T2D CR

28 (19/9) 18 (10/8)
Age (years) 62.5 ± 4.5 63.9 ± 5.3
Body mass (kg) 79.8 ± 10.8 73.0 ± 11.9
Stature (m) 1.72 ± 0.08 1.68 ± 0.09
BMI (kg m− 2) 26.9 ± 2.5 25.6 ± 2.8
Disease onset (years) 8.2 ± 7.2 -
HbA1c 3y (mmol molHb− 1) 50.7 ± 6.4
HbA1c (mmol molHb− 1) 52.4 ± 8.8 36.4 ± 2.5**
HbA1c (%) 6.97 ± 0.84 5.48 ± 0.25**
Glucose (mmol L− 1) 7.18 ± 1.61 5.07 ± 0.44**
Creatinine (µmol L− 1) 77.5 ± 17.3 76.2 ± 12.5
Total Cholesterol (mmol L− 1) 3.86 ± 0.73 5.27 ± 1.05**
HDL cholesterol (mmol L− 1) 1.26 ± 0.28 1.65 ± 0.43*
Triglycerides (mmol L− 1) 1.33 ± 0.42 1.09 ± 0.50
AGE serum (µg mL− 1) 0.24 ± 0.13 0.28 ± 0.14
AGE skin (µg mL− 1) 0.03 ± 0.01 0.04 ± 0.02
RAGE serum (ng mL− 1) 0.68 ± 0.16 0.70 ± 0.17
RAGE skin (ng mL− 1) 0.13 ± 0.07 0.11 ± 0.14
ADL (score) 8.0 ± 0.0 8.0 ± 0.0
IADL (score) 6.0 ± 0.0 6.0 ± 0.0
IPAQ (MET-min week− 1) 1158 ± 314 1597 ± 571*
MMSE (score) 28.9 ± 1.2 28.9 ± 1.1
IADL Instrumental Activities Daily Living, ADL Activities of Daily 
Living questionnaires, IPAQ International Physical Activity Ques-
tionnaire, MMSE Mini-Mental State Examination. Unpaired t-test: * 
p < 0.05; ** p < 0.001
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Experimental design

A preliminary session involved assessment of the inclu-
sion/exclusion criteria, the questionnaire and a blood and 
skin sampling. In the following days, the participants were 
requested to perform: (i) maximal fixed-end voluntary con-
tractions (MVC) to determine the medial gastrocnemius 
(GM) muscle-tendon stiffness (kM) and the Achilles tendon 
stiffness (kT) and (ii) maximal explosive fixed-end contrac-
tions to determine peak torque and the rate of torque devel-
opment (RTD).

Blood samples and biopsies

Blood samples of 15  ml were collected (according to the 
standard clinical management of patients with type 2 diabe-
tes) to assay serum glucose, triglycerides, HDL cholesterol, 
total cholesterol, creatinine, and HbA1c. Serum was stored 
for subsequent AGE and RAGE quantification. In diabetic 
patients, average HbA1c over the past three-years was also 
obtained from their medical records.

Skin biopsies were then performed to determine AGE 
and RAGE content (see supplementary materials for 
details). Blood samples were obtained from all participants; 
four T2D patients and seven controls declined consent for 
the skin biopsies.

Evaluation of muscle and tendon stiffness

The torque-elongation curves of the gastrocnemius medialis 
muscle belly and of the Achilles tendon were obtained by 
combining torque and ultrasound measurements during a 
series of maximal voluntary contractions (MVCs). Torque 
values were determined using a dynamometer (Cybex 
NORM, Lumex Inc., Ronkonkoma, New York, USA) while 
an ultrasound apparatus (Telemed Mycrus Ext-1, Lituania) 
was utilized to record the displacement of the muscle fibres 
and of the Achilles tendon.

For the muscle architecture measurements, a customised 
version of a semi-automatic tracking algorithm [17] was 
used to determine gastrocnemius medialis muscle thickness 
(MT) and pennation angle (PA). Fascicle length (FL) was 
then calculated using a trigonometric function: FL = MT/
sen (PA), and belly length (BL), defined as the projection 
of the fascicle on the MTU plane, was obtained as BL = FL 
cos(PA) [18, 19]. Muscle belly shortening was calculated as 
the point-by-point difference between the projection of the 
fascicle on the MTU plane and that at rest. Calculated as 
such, the longitudinal displacement of the GM muscle belly 
is considered to represent the combined elongation of the 
distal aponeurosis, muscle, and free tendon [19].

For the tendon measurement, the position of the muscle 
tendon junction of gastrocnemius medialis (MTJGM) was 
manually tracked (Tracker 6.1.3). Tendon elongation was 
calculated as the point-by-point difference between the 
MTJGM position and that at rest [20].

Muscle-tendon stiffness (kM) and tendon stiffness (kT) 
were calculated as the slope of the force-displacement curve 
in different force intervals [20]: 0–20%, 20–40%, 40–60%, 
60–80%, 80–100% of maximum torque; the mean values of 
kM and kT (over all force intervals) were calculated as well.

After the MVCs, participants were asked to perform a 
series of maximal fix-end (isometric) explosive contractions 
at different torque levels (low, medium and high) to deter-
mine the rate of torque development (RTD: the first deriva-
tive of the torque-time signal) [11]. Based on these data the 
maximum RTD (RTDpeak) reached during the explosive 
contractions was obtained [11].

Further details on data collection and analysis are 
reported in the supplementary materials.

Statistical analysis

Statistical analysis was performed using Jamovi (v2.4.11). 
A Shapiro-Wilks test was used to assess the normality of 
the data. Participants’ characteristics were summarized 
using descriptive statistical methods. An unpaired t-test 
was applied to assess differences between groups in demo-
graphic, anthropometric and biochemical data. Both groups 
had moderate physical activity levels, yet marginally sig-
nificant differences in IPAQ scores were observed. Hence, 
a one-way ANCOVA (with IPAQ score as a covariate) was 
used to determine possible differences in selected mechani-
cal parameters. A two-way repeated measure ANCOVA 
(with the factors Group and Condition and the covariate 
IPAQ score) was performed to investigate differences in 
terms of kM, kT. Only the main effects of Group and the 
Group x Condition interaction are reported. Bonferroni cor-
rection was considered in the post hoc test. To assess the 
impact of differences in mechanical parameters between 
T2D and healthy controls, the effect size (i.e. partial eta-
squared) was calculated to determine post hoc power. Lin-
ear regressions (with IPAQ score as a covariate) were used 
to test the relationships between parameters. A significance 
level of 0.05 was used for all statistical tests.

Results

Participants characteristics

The demographic, physical characteristics and biochemical 
profile of controls and T2D patients are reported in Table 1. 
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higher in T2D patients. No differences were observed in 
AGE and RAGE (both in serum and skin biopsies) between 
groups.

Muscle-tendon evaluation

Figure 1A and B show the values of tendon (kT) and muscle-
tendon (kM) stiffness, respectively, in the five investigated 
intervals; the average values of kT and kM, of peak torque 
and of maximum tissue displacement (AT elongation or 
muscle-tendon shortening) during the maximum voluntary 
contractions (MVCs) are reported in Table 2.

The values of peak torque attained during the evaluation 
of kT were similar in patients and controls (ANCOVA group 
effect: P = 0.100), but tendon elongation was significantly 
reduced in patients (P = 0.011, effect size = 0.142, post hoc 
power = 0.769) (Table  2). In addition, patients showed 
higher values of kT in all the investigated torque intervals 
(ANCOVA main effect: P < 0.001; interaction: P = 0.967) 
(Fig. 1A). For the mean kT, the difference between controls 
and T2D patients reached a post hoc power of 0.998 (effect 
size = 0.348).

No differences in kM (ANCOVA main effect: P = 0.148; 
interaction: P = 0.705) or muscle-tendon shortening were 
observed between groups (Fig. 1B; Table 2), indicating that 
muscle function was maintained in T2D patients. Although 
patients, in the explosive contractions, tend to show higher 
values of peak torque and RTDpeak at all intensities, these 
differences never reach a significant level (Table 2).

Exploratory analyses were conducted to investigate 
possible correlations between mechanical (kT or kM) and 
biochemical (HbA1c, AGE and RAGE) data. A positive 

The two cohorts were matched for age and BMI. No dif-
ferences were also observed in terms of cognitive function 
(MMSE scores > 24 indicate no cognitive dysfunction) and 
functional capacity (IADL and ADL scores). IPAQ scores 
were marginally higher in healthy controls, but all par-
ticipants could be considered moderately active (an IPAQ 
score < 700 MET-min week− 1 indicates a sedentary life-
style, and an IPAQ score > 2500 indicates physically active 
participants).

Patients’ disease duration ranged from 1 to 20 years, and 
glycated hemoglobin ranged from 38 to 72 mmol molHb− 1 
(5.6–8.7%). As expected, HbA1c and fasting glucose were 

Table 2  Muscle-tendon evaluation data. Data are means ± SD. * 
p < 0.05: ** p < 0.001

T2D CR
Maximal isometric contractions
Tendon stiffness 
evaluation

Peak torque (Nm) 95.8 ± 33.4 78.9 ± 25.7
Tendon elongation 
(mm)

13.7 ± 3.2 16.7 ± 4.9 
*

Average kT (Nm 
mm− 1)

8.3 ± 2.0 5.6 ± 1.6 
**

Muscle-tendon 
stiffness 
evaluation

Peak torque (Nm) 94.2 ± 30.1 87.3 ± 26.2
Muscle shortening 
(mm)

16.5 ± 6.8 17.1 ± 8.0

Average kM (Nm 
mm− 1)

7.4 ± 3.8 6.6 ± 2.9

Explosive contractions
Low Peak torque (Nm) 33.0 ± 15.5 29.3 ± 18.3
Medium 59.1 ± 20.6 48.4 ± 19.8
High 91.9 ± 29.3 77.1 ± 25.7
Low RTDpeak (Nm s− 1) 309 ± 169 268 ± 152
Medium 451 ± 208 352 ± 143
High 556 ± 220 473 ± 161

Fig. 1  Tendon stiffness (kT, panel A) and muscle-tendon stiffness (kM, panel B) at different torque intervals. Data referring to controls are in light 
blue, to patients in blue. Individual values (dots) are reported along with means and standard deviations
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to different tasks (that can be investigated by assessing the 
rate of force development, RTD). Indeed, a direct correla-
tion between patellar/Achilles tendon stiffness and RTD is 
consistently reported in the literature [21–23], and similar 
results were also observed for muscle stiffness [23, 24]. 
Tendon stiffness decreases with ageing [25] and inactivity 
[25], increases with training [26] and is increased in some 
pathological conditions (e.g. Duchenne’s dystrophy [27] 
and Parkinson’s disease [28]). In these pathologies, as well 
as in diabetes, an increase in tendon stiffness is generally the 
result of a decreased capacity of tendon elongation and an 
impairment in collagen quality, associated with a reduced 
recoil of elastic energy, which could constitute a mechanical 
disadvantage during daily locomotion tasks [9].

We observed, in agreement with previous studies, 
that people with T2D exhibit higher tendon stiffness (and 
reduced tendon elongation) as compared with a healthy 
cohort of the same age and with a similar level of physi-
cal activity. Couppè et al. (2016) [10] reported that Achil-
les tendon modulus (which represents tendon stiffness after 
accounting for tendon dimensions) is greater in diabetic 
patients (with controlled and poorly controlled diabetes) 
compared to age-matched controls (for age, BMI and IPAQ 
scores); while these authors observed no differences in ten-
don collagen cross-linking, they reported higher AGE con-
tent in the skin of patients as compared to controls.

We observed no differences in AGE and RAGE content 
in serum and skin between diabetic patients and controls, 
and found no association between AGE or RAGE content 
and muscle and tendon mechanics. Our findings agree with 
previous studies that indicate that AGE values are similar 
in diabetic patients without chronic diabetic complications 
and in controls [13], unlike the markedly increased rate 
observed in complication-prone patients [29]. As indicated 
by Zellers et al. (2021) [13], collagen disorganization, rather 
than AGEs content, is associated with the tendon mechanical 

correlation was observed between HbA1c and kT (the aver-
age value at all torque intervals) (r = 0.610, P < 0.001, all 
participants) (Fig.  2), and this correlation persisted when 
analyzed within the T2D group (r = 0.438, P < 0.020). No 
correlation was observed between kM (the average value at 
all torque intervals) and HbA1c levels, and no correlations 
were observed between kT or kM and AGE or RAGE values 
(as assessed either in serum or skin biopsies) or T2D dura-
tion (see supplementary materials).

No significant differences were observed in any of the 
parameters reported in Tables 1 and 2 when biopsy partici-
pants were compared to non-participants, in both groups 
(T2D patients and controls, see supplementary materials).

Discussion

This study investigated possible alterations in muscle and 
tendon mechanics in physically active and controlled T2D 
patients, compared with a healthy, matched cohort. In addi-
tion, we investigated the possible association between 
muscle and tendon mechanical alterations, and the con-
centrations of non-enzymatic glycation products (HbA1c, 
AGE, and RAGE) in skin biopsies and serum.

Our data indicate that tendon stiffness is increased in T2D 
patients even when diabetes is controlled (and in the absence 
of peripheral neuropathies). On the contrary, muscle-tendon 
stiffness and the muscle’s mechanical output (e.g., explosive 
force capacity) appear to be unaffected.

Muscle and tendon stiffness are important functional 
parameters that strongly influence a muscle’s mechanical 
output. In the healthy population, an increase in muscle 
or tendon stiffness could be considered a useful adapta-
tion since these parameters are well correlated with force 
transmission capacity (from contractile elements to joint 
motion), i.e. the capacity to exert force rapidly in response 

Fig. 2  Correlations between tendon 
(A) and muscle-tendon (B) stiff-
ness and HbA1c levels. Data are 
individual values (controls: light 
blue, patients: blue), and the grey-
shaded area represents 95% of the 
confidence interval
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predispose to other alterations, such as future tendinopathy 
or reduced adaptability under stress. However, data reported 
in this cross-sectional study and available literature do not 
allow us to answer this question. Prospective studies of ade-
quate duration are required to verify this hypothesis.

Limitations

The results of this study should be considered specific for 
well-controlled T2D patients. Indeed, patients with uncon-
trolled diabetes may exhibit larger alterations at the muscle-
tendon level.

The level of physical activity was quantified by means of 
the IPAQ questionnaire, and then categorised according to 
the cut-offs proposed in the literature. All participants could 
be classified as moderately active, despite a mild difference 
in physical activity levels between the two cohorts. Patients 
with higher or lower levels of physical activity may exhibit 
different responses.

Although an association between tendon mechani-
cal parameters and glycated haemoglobin has also been 
reported in other studies [7, 8, 30], the suggestion that 
HbA1c could act as a non-invasive biomarker of altered 
tendon mechanics remains hypothetical, given the cross-
sectional design and the limited sample size of our study. 
Longitudinal studies with larger sample sizes are required 
to verify this hypothesis.

As pointed out by [30], care should be taken when con-
sidering the effects of polypharmacy on tendon properties; 
as an example, statin use [38], and high cholesterol levels 
[39] have been associated with tendon complications, while 
metformin can improve tendon structure, reducing the risk 
of tendon diseases [40].

Conclusions

The hyperglycaemic environment that leads to increased 
HbA1c levels stiffens of the Achilles tendon, even in con-
trolled T2D patients with a moderate physically active life-
style; in these patients, functional abilities (e.g., rapid force 
production) could be maintained despite the increase in 
tendon stiffness. Although this study is cross-sectional and 
has a limited sample size, our data suggest a potential role 
of HbA1c as a non-invasive biomarker of altered tendon 
mechanics in people with diabetes.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​5​9​2​-​0​
2​6​-​0​2​7​0​5​-​5.

Author contributions  RM, AM, PM and PZ participated in the study’s 
design. RM, AM, NV, FN, MT, CN, PG, CC, GS, AL collected and/
or analysed the data. All authors contributed to data interpretation and 

proprieties; the lack of relationship between AGE content 
and tendon mechanical proprieties (observed in Zeller’s 
study as well as in Patel et al. (2024) [30]) challenges the 
long-standing assumption that AGE accumulation translates 
to altered tendon mechanics. Among the other factors that 
could be held responsible for increased tendon stiffness 
is the general state of inflammation, a feature of Achilles 
tendinopathy [31] that may contribute to the development 
of tendon complications in these individuals. In addition, 
as suggested by Wells-Knecht et al. (1197) [32], oxidative 
stress is not always increased in the extracellular milieu in 
diabetes, and this may also explain the lack of differences in 
AGE/RAGE content between diabetic patients and controls 
observed in this study.

As indicated in the introduction, recent studies indicate 
an association between tendon mechanical parameters and 
another glycation end product, glycated haemoglobin [7, 8]. 
Accordingly, in this study, we observed a significant corre-
lation between HbA1c levels and tendon stiffness (the slope 
of the torque-tendon elongation relationship); a significant 
correlation between HbA1c and tendon modulus (the slope 
of the tendon stress-strain curve) was also reported by [30].

Training interventions that increase tendon elongation 
are thus expected to decrease tendon stiffness in diabetic 
patients, thereby improving their locomotor capacity; this 
was recently observed and reported by Magris et al. (2024) 
[33].

Only few studies investigated the effects of diabetes on 
muscle stiffness. AGEs accumulation on skeletal muscle in 
people with T2D could potentially induce muscle atrophy 
and dysfunction [34, 35], leading to diabetic myopathy. 
Fang et al. (2024) [36] reported lower values of active stiff-
ness (but equal values of passive stiffness) in gastrocnemius 
medialis (assessed by means of shear wave elastography) in 
diabetic patients compared to controls and suggested that 
the decline in muscle function could affect the patient’s abil-
ity to perform daily activities. In this study, muscle stiffness 
was calculated accounting for the contribution of elastic tis-
sues proximal to the tendon (muscle-tendon stiffness) and 
was unaffected by T2D. However, since the tendons and 
aponeuroses cannot be considered mechanically in series, 
our data likely reflect the force-length characteristics of the 
aponeurosis and suggest that muscle belly displacement is 
unaffected in individuals with controlled diabetes. Regular 
physical activity could mitigate AGE accumulation in soft 
tissues [37]. Hence, the physical activity level of our T2D 
patients (although only moderate) and the use of antidia-
betic medications to control the pathology could have pre-
vented AGE accumulation in the muscles, thus preserving 
their mechanical characteristics.

It would be interesting to understand whether increased 
tendon stiffness in the absence of functional deficit may 
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