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Abstract
Purpose Recent advancements in elastography techniques, specifically supersonic shearwave elastography (SWE), have 
enabled non-invasive assessment of muscle stiffness. However, there is limited research on the immediate and short-term 
effects of eccentric exercise-induced muscle damage (EIMD) in well-trained individuals. This study aimed to follow up on 
the effects of eccentric training on the biceps brachialis stiffness by supersonic shearwave imaging (SSI) as well as the sore-
ness and elbow flexion maximal voluntary isometric contraction (MVIC), immediately post-intervention, at 10 min, 48 h, 
and 96 h in well-trained men.
Methods Thirteen well-trained males participated in the study. Baseline measurements of elastography images, MVIC of 
the elbow flexors, and muscle soreness were obtained. The participants performed an eccentric exercise protocol (4 sets X 
10 repetitions) on the dynamometer isokinetic and elastography measurements were repeated immediately post-exercise, at 
10 min, 48 h, and 96 h.
Results Significant reductions in stiffness (measured by shear modulus (µ)) were observed immediately and at 10 min post-
exercise. MVIC exhibited significant reductions immediately after, 10 min, and 48 h compared to baseline measurements. 
Muscle soreness peaked at 48 h, persisting until 96 h.
Conclusions The BB stiffness and MVIC reduction immediately post-eccentric exercise in well-trained men, suggest the 
potential involvement of mechanical stress and sarcomere rupture. Trained individuals may exhibit a distinct response to 
EIMD compared to untrained individuals, highlighting the applicability of elastography in monitoring acute biomechanical 
changes following high-intensity exercise.
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Introduction

Muscle damage from eccentric exercise, common in activi-
ties like weightlifting, running, and downhill motion [1–3], 
involves lengthening muscle fibers under high force, caus-
ing mechanical stress and cell disruption [4–6]. The exer-
cise-induced muscle damage (EIMD) has been extensively 
studied through functional parameter analysis, impacting 
performance and daily activities via altered muscle sore-
ness, weakness, and range of motion [7]. Despite its recent 
application in muscles and tendons, few studies analyzed 
tissue mechanical properties using elastography to monitor 
stiffness after the EIMD [8].

The Supersonic Shearwave Imaging (SSI) elastography 
presents clinical potential as a precise, non-invasive, real-
time, in vivo for assessing muscle stiffness post-intervention. 
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Its effectiveness in capturing immediate and long-term 
changes in stiffness after the intervention makes it essential 
in clinical practice (For reviews see [8–10]). The SSI tech-
nique operates in two primary modes: the pushing mode 
utilizes high-intensity acoustic radiation forces directed at 
various tissue depths, inducing transverse waves within the 
tissue. The propagation speed of these shear waves (cs) is 
then rapidly captured through imaging mode. Under the 
assumption of tissue isotropy and pure elasticity, the shear 
modulus (μ) can be estimated as μ = ρ*cs

2 (ρ = 1010 kg/m3), 
considered the biological medium density [11, 12].

In recent years, the assessment of muscle damage using 
SSI has been applied to monitoring EIMD caused by eccen-
tric contraction in young and healthy individuals. With this 
technique, Lacourpaille et al. [13, 14], analyzed the biceps 
brachialis (BB) muscle of healthy untrained individuals at 
different time points and muscle lengths after EIMD. Sig-
nificant increases in µ of the BB were observed one-hour 
post-eccentric exercise with the elbow joint angles at both 
110° and 160° [13]. Additionally, Lacourpauille et al. [14] 
found a similar increase in µ after 30 min when the elbow 
joint was positioned at 160°. The shorter measured time 
point after the exercise was 30 min and the peak torque was 
not measured as the functional measure [14]. The authors 
suggest that the mechanisms of the increase in stiffness after 
30 min or 1 h remain unknown, though they propose that 
the increase in shear modulus occurs due to perturbations in 
calcium homeostasis and disturbances in fluid homeostasis 
within resting muscles, triggered by the damage process.

The shear modulus behavior immediately after damage 
induction was found only in one study, which investigated 
the quadriceps muscles of healthy, untrained individuals 
[15]. Following eccentric exercise, a significant increase in 
µ (shear modulus) was observed in the rectus femoris (RF) 
with the knee flexed at 90°, while no changes were noticed 
in the vastus medialis (VM) and vastus lateralis (VL). In 
contrast, when the knee was positioned at 30° and 60°, a 
slight yet statistically significant reduction of approximately 
10% was observed solely in the µ of the VL. They suggested 
that the EIMD can affect synergic muscles differently and 
the muscle architecture could explain the differences among 
them. Although prior studies have explored the shear modu-
lus behavior immediately after damage induction in quadri-
ceps muscles of healthy, untrained individuals, with notable 
findings in muscle response [15], there appears to be a gap in 
the literature concerning immediate changes in BB muscle 
stiffness following EIMD induction in well-trained individu-
als, as well as the assessment of the functional parameter of 
peak torque.

The inflammatory processes and the formation of muscle 
edema that appear later seem to be more evident in untrained 
individuals, as they are not adapted to receive overload stim-
uli, becoming more susceptible to EIMD due to eccentric 

exercise [16]. Hence, it's unclear whether changes in BB 
stiffness in trained individuals exhibit different behavior 
compared to untrained subjects, either in temporal evolu-
tion or intensity, given that these individuals already present 
morphological and neural adaptations, including alterations 
in muscle architecture, musculotendinous stiffness, myo-
tendinous unit recruitment, neuromuscular inhibition, and 
motor unit synchronization [17–20].

Therefore, the study aims to follow up on the effects of 
eccentric training on the biceps brachialis stiffness and sore-
ness as well as the elbow flexion maximal voluntary isomet-
ric contraction (MVIC), immediately post-intervention, at 
10 min, 48 h, and 96 h in well-trained men.

Methods

Participants

In this study, we recruited 13 male participants who met the 
inclusion criteria of being healthy and having at least 2 years 
of experience in resistance training (well-trained), while not 
having any experience with purely eccentric training. The 
sample was obtained by convenience among students from 
the Federal University of Rio de Janeiro. As exclusion cri-
teria, individuals with the following characteristics were 
excluded: (a) those with a history of upper limb injury of 
any kind within the past 12 months; (b) positive PAR-Q; (c) 
individuals using ergogenic (included: steroidal-analgesics) 
resources that may influence the results; and (d) individu-
als who engaged in purely eccentric training in the past six 
months. The mean and standard deviation for age, body 
mass, and height were 27.43 ± 4.19 years, 80.35 ± 2.26 kg, 
and 176.33 ± 3.19 cm, respectively. During the study, partic-
ipants were instructed to abstain from any type of vigorous 
physical exercise or activities (including periodized strength 
training, physical activities in general and sports) and cau-
tioned against undergoing any treatments, including mas-
sage, stretching, or cryotherapy, on the exercised muscles. 
Moreover, participants were requested not to ingest caffeine, 
alcohol, and analgesics. Previously the study, all participants 
signed the informed consent form, which was approved by 
the Ethics Committee of Clementino Fraga Filho University 
Hospital (n° 3.031.279). This study was performed in line 
with the principles of the Declaration of Helsinki.

Experimental design of the study

The experimental protocol involved three visits to the 
Biomechanics Laboratory. During the initial visit, volun-
teers underwent a Physical Activity Readiness Question-
naire (PAR-Q), anamnesis to assess their suitability for 
participation, and the collection of anthropometric data. 
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Subsequently, baseline data were collected for the depend-
ent variables, including two elastographic images of the 
BB muscle, assessments of muscle soreness, maximal vol-
untary isometric contraction (MVIC) of the elbow flex-
ors, and eccentric exercise-induced muscle damage. The 
elastography images, muscle soreness, and MVC measure-
ments were then repeated immediately after the eccentric 
exercise, as well as at 10 min, 48 h, and 96 h.

Data acquisition

Maximal voluntary isometric contraction

To assess the isometric elbow flexion torque of the non-
dominant limb produced by the individuals and its vari-
ation throughout the study, the isokinetic dynamometer 
(Biodex 4 System Pro—Biodex Medical Systems Inc, New 
York, USA) was used. The participants were positioned in 
the equipment chair with the hip flexed at 85° and the pel-
vis immobilized by straps, a cushioned support was used 
to position the evaluated arm, which remained at an angle 
of 0° abduction and 45° shoulder flexion [7]. The radioul-
nar joint was positioned in complete supination, enabling 
the participant to firmly hold the dynamometer lever arm 
where the force was applied. The dynamometer rotation 
axis was aligned with the non-dominant limb elbow joint 
axis (lateral epicondyle).

The tested limb was assessed by the equipment itself 
and participants received standardized verbal stimuli to 
perform the task with maximum effort in all procedures 
[21]. To ensure that the positioning of each participant was 
reproduced throughout the study, the following measures 
were recorded and replicated: dynamometer height; distance 
from the backrest, chair rotation, and lever arm length. Two 
maximal voluntary isometric contractions (MVICs) in elbow 
flexion were acquired for the non-dominant limb during five 
seconds, with at least a 2-min rest period between them. The 
peak torque was considered the higher value between the 
two trials [7].

Muscle soreness

The delayed-onset muscle soreness (DOMS) was measured 
using a visual analog scale, in which an adapted scale figure, 
with numbers ranging from 0 to 10, where 0 represents “no 
discomfort” and 10 represents “worst possible discomfort”. 
The discomfort was induced through a passive stretching of 
the trained muscle group, while the participant remained 
positioned in the BIODEX and was questioned about the 
level of discomfort after a flexion (140°) and extension (0°) 
of the elbow [21].

Elastographic images

The acquisition of elastographic images was conducted 
on the non-dominant limb using the AIXPLORER equip-
ment (v.11 Supersonic Image, Aix-en-Provence, France), 
equipped with a 40 mm linear transducer that operates at a 
frequency of 10–2 MHz. For the elastography settings, the 
preset used was MSK, with an opacity of 40%, gain of 90%, 
SWE opt. setting in penetration mode and the SWE box with 
dimensions of 1cmX1cm. Acoustic coupling gel (Ultrex gel; 
Farmativa Indústria e Comercio Ltda, Rio de Janeiro, Brazil) 
was applied to the skin surface to ensure proper contact. To 
minimize potential errors in the image acquisition process, 
the participant's skin was marked with a demographic pen 
to indicate the precise location where the transducer should 
be positioned.

The participants were seated on the Biodex isokinetic 
dynamometer (Biodex 4 System Pro Medical System Inc, 
New York, USA) with their elbows flexed at 90°. A mark 
was made between the acromion angle and the interarticular 
line of the elbow to denote the exact location for the proxi-
mal insertion of the BB. The proximal and distal regions 
of the BB muscle were delimited by marking a line at 50% 
between the biceps brachialis insertion and interarticular 
lines of the elbow, located using B-mode ultrasound. After 
marking, an experienced evaluator (with over 2 years of 
experience using the technique) positioned the transducer 
longitudinally at 90° to the skin, with its lower transducer, 
with its lower edge on the marked line to capture two images 
(Fig. 1). Initially, the B-mode image was verified, after by 
activation of the elastographic mode, which featured a 
square-shaped mapping area. The preset used was MSK, 
with a scale ranging from 0 to 300 kPa (color variation from 
blue, green, red). To stabilize the color mapping and freeze 
the images, a wait time of 10 s was allowed.

For data analysis, the images were exported in DICOM 
format, and the µ values were calculated using a custom 
Matlab R2015a routine (MathWorks, Natick, MA, USA). A 
circular region of interest (ROI), 1 cm diameter, at the center 
of the mapping area was used to measure the µ for the BB. 
The µ value was considered the mean of the two images.

Eccentric intervention

The exercise intervention consisted of eccentric elbow flex-
ion contractions performed using a dynamometer, with par-
ticipants seated in the same position as described for the 
MVIC tests. Each subject completed four sets of 10 repeti-
tions of eccentric contractions, with an angular velocity of 
30°/s and a two-minute rest interval between sets [22]. Fol-
lowing each eccentric phase, the elbow joint was passively 
returned to its initial position. The range of motion utilized 
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ranged from 90° of elbow flexion to full extension of the 
elbow joint.

Statistical analysis

We conducted a Shapiro–Wilk test to assess the normal dis-
tribution of all parameters. For the analysis of torque, we 
applied repeated measures ANOVA to examine differences 
at multiple time points, including baseline, immediately after 
exercise, 10 min, 48 h, and 96 h post-exercise. Subsequently, 
we performed Tukey's post hoc test to identify any statis-
tically significant differences. For parameters that did not 
meet the assumptions of normality, such as μ and muscle 
soreness, we employed non-parametric repeated measures 
ANOVA (Friedman test). The post hoc analysis for these 
variables was conducted using Dunn's post hoc test, com-
paring measurements at baseline, immediately after exercise 
(after), 10 min, 48 h, and 96 h post-exercise. Statistical sig-
nificance was set at 5% (p < 0.05), and all data analyses were 
carried out using the statistical software package Statistica 
(Statsoft, Inc., Tulsa, OK, USA).

To assess the reliability of the elastographic images, the 
intraclass correlation coefficient (ICC) was calculated using 
SPSS 20 (IBM SPSS Statistics Viewer, Armonk, NY, USA). 
Based on the 95% confident interval, ICC values were inter-
preted as follows: below 0.49 as poor, 0.5 to 0.75 as mod-
erate, 0.75 to 0.90 as good, and 0.90 to 1.00 as excellent 
reliability [23].

Results

As for the intra-rater reliability of shear modulus, the ICC 
ranged from 0.844 to 0.961, classified as good [23]. Sta-
tistically significant reductions in μ data were noted when 

comparing the baseline to both the after-exercise measure-
ment (p = 0.002) and the 10-min measurement (p = 0.002) 
(Fig. 2). The mean and standard deviation (std) of shear 
modulus were: baseline 4.61 ± 1.89  kPa; immediately: 
2.79 ± 0.60  kPa; 10  min after: 2.90 ± 0.89  kPa; 48  h: 
3.86 ± 1.65 kPa and 96 h: 3.37 ± 0.81 kPa.

The torque exhibited statistically significant reductions 
immediately after (p < 0.001—mean and std immediately: 
50.91 ± 15.78 Nm;), at 10 min (p < 0.001—mean and std 
10 min: 55.92 ± 14.67 Nm), and at 48 h (p = 0.010—mean and 
std 48 h: 69.53 ± 20.34 Nm) compared to baseline measure-
ments (80.03 ± 18.86 Nm). Furthermore, when comparing the 
post-exercise measurements to those at 48 h, significant differ-
ences were evident (p < 0.001), and these differences persisted 
at 96 h (p < 0.001- mean and std 96 h: 74.35 ± 17.35 Nm). 
Notably, at the 10-min measurement, statistical differences 
when comparing the 48-h (p = 0.002) and 96-h (p < 0.001) 
measurements. Additionally, a significant difference was 

Fig. 1  Elastographic images of the BB before eccentric intervention, after, 10 min, 48 h, and 96 h

Fig. 2  Shear modulus of the Biceps Brachii data expressed by mean 
and standard deviation. * for p < 0.05 to Baseline
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observed between the 48-h and 96-h measurements (p = 0.014) 
(Fig. 3).

Statistically, differences in Muscle Soreness were detected 
between the 48-h and baseline measurements (p < 0.001), as 
well as between the after-exercise (p = 0.047) and the 10-min 
(p = 0.018) in comparison to the baseline. Furthermore, signifi-
cant differences were observed between the baseline and the 
96-h measurement (p < 0.001) (Fig. 4). The mean and stand-
ard deviation of muscle soreness were: baseline: 0.85 ± 1.70; 
immediately: 2.54 ± 1.9; 10  min after: 2.35 ± 2.0; 48  h: 
6.66 ± 2.1 and 96 h: 5 ± 2.59.

Discussion

The best of our knowledge, this is first study to examine 
the effects of eccentric elbow flexion training on biceps 
brachialis stiffness, muscle soreness, and MVIC over 96 h 
in well-trained men. The µ of the BB showed a signifi-
cant reduction immediately and 10 min after four sets of 
10 eccentric repetitions for the elbow flexors. These find-
ings align with the observed variations in the functional 
parameter, peak torque. According to Paulsen et al. [24], 
the eccentric exercise protocol for trained individuals 
effectively induced moderate DOMS, resulting in signifi-
cant alterations in both maximum torque and perceived 
discomfort.

The reliability of the shear elastic modulus of biceps 
brachii muscle was considered excellent (values greater 
than 0.90) and good (values ranging: 0.75–0.9), in accord-
ance with the literature [23]. The examiner was highly 
trained, to prevent skin surface compression, which 
is directly related to changes in the shear modulus, the 
images were acquired along the longitudinal fibers, fol-
lowing literature recommendations [25].

The distinctive feature of the current study, in compari-
son to previous ones, was the assessment of tissue stiff-
ness in trained men immediately following the eccentric 
intervention, as well as 10 min afterward. The rupture of 
desmin, which plays a role in transmitting tension from 
the contractile elements and directly affects tension trans-
fer within the membrane, is one possible mechanism to 
explain this stiffness reduction [14, 26].

An additional aspect to consider, regarding the significant 
reduction in biceps brachialis stiffness after exercise, is the 
increased blood circulation in the region following a high-
intensity exercise involving a substantial volume of repeti-
tions. A recent review study [25] emphasizes the importance 
of acknowledging that this factor could impact elastography 
measurements by reducing their values. However, the cur-
rent literature lacks comprehensive information, such as 
the variation range or correction factor, to standardize how 
blood flow might affect stiffness values. Consequently, fur-
ther investigations are warranted to understand the effect 
of blood flow in using this technique, especially in cohorts 
comprising both trained and untrained individuals.

Similarly, the influence of increased muscle temperature 
resulting from the high exercise volume may have affected 
the mechanical properties of the tissue, particularly the 
stiffness of the medium [27]. Fifteen minutes after cyclic 
eccentric damage of extensor digitorum longus and tibi-
alis anterior mouse fibers, a disruption of the membranes 
causes loss of the cytoskeletal protein, desmin [28], which 
could potentially explain the stiffness reduction immedi-
ately after EIMD.

Fig. 3  Torque data expressed by mean and standard deviation. * for 
p < 0.05 to baseline; † for p < 0.05 to after; ‡ for p < 0.05 to 10 min; 
and # for p < 0.05 to 48 h

Fig. 4  Muscle Soreness data expressed by mean and standard devia-
tion. * for p < 0.05 to Baseline; †for p < 0.05 to after; ‡ for p < 0.05 to 
10 min
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The literature indicates that leukocytes are regulated in 
response to tissue degradation levels, such that when intra-
cellular damage is extensive, a significant accumulation of 
leukocytes occurs in the damaged tissue to restore intracel-
lular calcium homeostasis. However, sarcomere rupture 
may occur without a significant leukocyte accumulation 
[29–31]. Therefore, we suggest that the reduction in tissue 
stiffness in trained individuals may be explained by the 
rupture of passive sarcomere elements and the cytoskel-
eton due to mechanical stresses imposed by eccentric 
exercise to induce DOMS, without an immediate signifi-
cant accumulation of intracellular fluids. These fluids may 
potentially contribute to tissue stiffness increase at a later 
 stage32.

Only two studies examining the behavior of µ in the 
biceps brachii (BB) were identified. When µ in the BB was 
analyzed with the elbow at 70° of elbow flexion (180° = full 
extension), no significant changes were observed for 
untrained individuals at 1 h, 48 h, and 21 days after damage 
induction [13], and after 30 min [14]. However, when the 
elbow was positioned at 160° of extension, BB µ exhibited a 
significant increase at one hour, 48 h, and 21 days [13], and 
a similar pattern was observed after 30 min in the study by 
Lacourpaille et al. [14]. These authors [13, 14] report that 
the mechanisms involved in justifying the µ increase are not 
yet fully established. Still, they suggest that this increase 
may be associated with the rapid disruption of calcium 
homeostasis, increased intramuscular fluid, and the initia-
tion of edema formation, as measurements were not taken 
immediately after exercise, allowing time for the onset of the 
inflammatory process. Regarding the increase in µ only for 
joint amplitudes with the muscle in a more elongated posi-
tion, the authors propose that this increase may reflect the 
heightened sensitivity of muscle fibers to  Ca2+. Methodo-
logical differences in image acquisition time and joint posi-
tion may account for the discrepancies in the results found 
in the present study.

The loss of voluntary force production capacity is the pri-
mary functional variable studied in EIMD [4, 33]. Regard-
less of the sample characteristics, this response to EIMD is 
consistently observed and was no different in the current 
study, with a reduction of approximately 40% immediately 
after the intervention and 35% 10 min later. These findings 
align with the study conducted by Newton et al. [16] for 
elbow flexors, however, the same effect cannot be observed 
for other exercises, such as bench press, for example with 
approximately 18% of reduction on horizontal adduction 
peak torque [18]. Recognizing that the reduction in force 
production capacity in trained men is not related only to 
the neural factors [34], it is believed that the failure in the 
coupling of cross-bridges is the primary contributor to force 
depression, in conjunction with other structural disorganiza-
tion following tissue injury [35].

The DOMS peaked at 48 h, displaying significant dif-
ferences compared to the baseline measurement until 96 h. 
Specifically for trained individuals, these findings align 
with existing literature on trained individuals subjected to 
the EIMD regardless of the muscle group involved, such as 
for horizontal shoulder adductors [17, 18] and elbow flex-
ors [16]. DOMS is widely accepted to be a consequence of 
physical damage to muscle tissue that initiates subsequent 
inflammatory processes [22]. The EIMD triggers the sen-
sitization process in the connective tissue surrounding the 
muscles, in which pain nociceptors are activated through 
bradykinin B2 and inflammatory cytokines (COX-2) [36].

Because the trained sample participating in the present 
study is accustomed to conventional resistance exercise, it 
appears that this long-term activity may lead to a protective 
mechanism against muscle damage induced by eccentric 
intervention for elbow flexors similar to the second bout 
effect observed in untrained individuals [16]. As such, the 
immediate and 10-min post-intervention decrease in muscle 
stiffness (µ) responses may be associated with the individu-
als' training level, distinct from the sample used by Lacour-
paille et al. [14] 30 min after eccentric intervention.

The primary focus of this study was to assess the useful-
ness of elastography in analyzing post-high-intensity exer-
cise effects, considering in the subjects' training level and 
the technique's capacity to monitor the transient exercise-
induced injury process. However, the current investigation 
exhibits some limitations deserving careful attention, such 
as the absence of commonly utilized markers in the assess-
ment of EIMD, including blood markers, swelling, range 
of motion [37] and the immediate post-exercise assessment 
of blood flow. Additionally, it is imperative to highlight the 
non-generalizability of this study's outcomes to other muscle 
groups. Notably, existing literature extensively documents 
the heightened vulnerability of arm muscles to muscle dam-
age compared to their lower limb counterparts [38].

Conclusion

This study presents the immediate and short-term implica-
tions of eccentric exercise-induced muscle damage (EIMD) 
on biceps brachialis stiffness using elastography, alongside 
assessments of muscle soreness and maximum voluntary 
isometric contraction (MVIC) in well-trained individuals. 
The observed substantial reductions in torque and muscle 
stiffness immediately and 10 min post-exercise point towards 
the potential involvement of mechanical stress, sarcomere 
and cytoskeletal rupture. Notably, the absence of significant 
intracellular fluid accumulation in this early phase of EIMD 
unveils a distinct response pattern in trained individuals 
when compared to results in the literature with untrained 
voluntary. These findings emphasize the application of 
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elastography in the follow-up of the acute biomechanical 
changes following high-intensity exercise, shedding light 
on potential adaptations in tissue response among trained 
subjects. Moreover, further studies are needed to analyze 
different groups with varying training levels and different 
muscle groups with distinct muscular architecture, enabling 
future clinical application of SSI elastography technique in 
evaluating training periods or rehabilitation after injuries. 
As SSI technique can provide precise insights into muscle 
stiffness and tissue adaptations in response to training and 
intense exercise, it can assist in planning training programs 
and rehabilitation after injuries.
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