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was significantly correlated to the relative decrease in peak 
torque measured at 48 H for both elbow flexors (r = −0.80) 
and knee extensors (r = −0.82). A further analysis suggested 
that biceps brachii and rectus femoris were more affected by 
muscle damage than their synergists.
Conclusion This study shows that an increase in muscle 
shear modulus measured 30 min after a damaging exercise 
reflects the decrease in peak torque measured at 48 H. Shear 
modulus may therefore, provide a useful tool for coaches and 
clinicians to non-invasively estimate the amount of muscle 
damage induced by a damaging exercise.

Keywords Force deficit · Eccentric exercise · Marker · 
Shear modulus · Muscle stiffness

Abbreviations
ANOVA  Analysis of variance
BA  Brachialis
BB  Biceps brachii
MVC  Maximal voluntary contraction
RF  Rectus femoris
SSI  Supersonic shear imaging
VL  Vastus lateralis
VM  Vastus medialis

Introduction

Muscle damage after eccentric muscle action is a common 
experience in sports or daily life activities. Accurate quan-
tification of muscle damage requires histological examina-
tion of muscle biopsy samples by determining the number 
of myofibrillar disruptions (Raastad et al. 2010). As this is 
an invasive procedure, it is unlikely to be routinely used in 
sport settings and clinical practice. Although the amount 

Abstract 
Purpose This study aimed to determine whether an 
increase in muscle shear modulus measured 30 min after 
eccentric exercise (30 min) reflects the magnitude of force 
deficit measured 48-h post-exercise (48 H).
Methods A total of 53 healthy participants were distrib-
uted in five groups. Four groups performed either repeated 
eccentric elbow flexions or knee extensions at either a low 
or high load. A fifth group performed repeated concentric 
elbow flexions (control load).
Results A significant decreased peak torque was found 
for elbow flexors and knee extensors 48 h after the eccen-
tric exercises (all P values < 0.001). A significant increase 
in shear modulus was found at 30 min for the elbow flex-
ors for low (+70.5 ± 44.3%, P < 0.001) and high load 
(+153.9 ± 192.4%, P < 0.001). Similarly, the shear modu-
lus of knee extensors increased for low (+26.7 ± 19.1%, 
P < 0.001) and high load (+79.4 ± 67.1%, P < 0.001). 
The relative increase in shear modulus measured at 30 min 
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of muscle damage can be accurately evaluated through the 
time course of the strength loss measured during concentric 
actions across a large range of motion including the angle 
at peak torque (Paulsen et al., 2012), the maximal isomet-
ric force deficit observed 48-h post-exercise (48 H) is also 
considered as a good non-invasive marker of muscle dam-
age (Paulsen et al. 2012). However, these measurements do 
not provide an estimation of muscle damage immediately 
after exercise due to the confounding influence of muscle 
fatigue (Warren et al. 1999). In addition, force deficit is 
assessed through global joint torque that does not provide 
any information about the extent of damage in each indi-
vidual muscle. A non-invasive method able to early detect 
muscle damage in individual muscles that would benefit 
both musculoskeletal rehabilitation and sport practice.

Eccentric contractions induce an immediate increase in 
muscle stiffness evidenced by an alteration of the passive 
force–length relationship (Hoang et al. 2007). Using shear 
wave elastography to quantify local changes in muscle shear 
modulus [i.e., an index of stiffness, (Eby et al. 2013)], our 
team showed that the muscle shear modulus of elbow flexor 
and plantar flexor muscles significantly increases in the early 
instants after exercise (Lacourpaille et al. 2014; Guilhem 
et al. 2016). We hypothesized that this finding could origi-
nate from the perturbation of calcium homeostasis (White-
head et al. 2001). In that case, the increase in passive muscle 
shear modulus subsequent to a damaging exercise would be 
closely related to the number of myofibrillar disruptions and 
membrane damage resulting in calcium overload.

This study was designed to determine whether the early 
increase in muscle shear modulus (evaluated by shear wave 
elastography) after eccentric contractions reflect the mag-
nitude of force deficit measured at 48 H, and therefore, 
the amount of muscle damage. We hypothesized that there 
would be a strong linear relationship between the relative 
increase in shear modulus measured 30 min after exercise 
(30 min) and the relative force deficit at 48 H. To induce a 
wide range of muscle damage, the exercise was performed 
on muscles more or less prone to damage (elbow flexors 
and knee extensors, respectively) (Jamurtas et al. 2005), 
and under low or high loading conditions. A secondary aim 
was to determine whether synergist muscles are similarly 
affected by the eccentric exercise. In this view we compared 

the index of increase in shear modulus measured at 30 min 
between the synergist muscles.

Materials and methods

Subjects

A total of 53 healthy participants (35 males and 18 females; 
age: 24.6 ± 3.4 years; height: 172.6 ± 8.7 cm; weight: 
66.7 ± 10.4 kg) volunteered for this study. Four groups per-
formed eccentric contractions with either their elbow flexor 
or knee extensor muscles and at either a low or high load 
(described in details below). To verify that the change in 
muscle shear modulus was induced by muscle damage rather 
than the exercise itself [e.g., increase in intramuscular pres-
sure (Davis et al. 2003)], an additional group of participants 
performed concentric contractions (control load). This was 
only performed on elbow flexors because previous works 
demonstrate the ability of shear wave elastography to detect 
slight changes on this muscle group (Bouillard et al. 2012b; 
Lacourpaille et al. 2014; Eby et al. 2015, 2016; Agten et al. 
2016). Participant characteristics are described in Table 1.

All the participants were informed regarding the nature, 
aims and risks associated with the experimental procedures 
before their written consent was given. The local ethics com-
mittee approved the study (CPP IDF VIII, CPP-MIP-004P), 
and all the procedures conformed to the Declaration of 
Helsinki. Data from the group that performed the eccentric 
exercise with their elbow flexor muscles at a low load have 
been published in a separate communication that addressed 
a different research question (Lacourpaille et al. 2014).

Instrumentation

Ergometer

All experiments were performed on a Con-Trex MJ isoki-
netic dynamometer (CMV AG, Dubendorf, Switzerland). 
The axis of the dynamometer was aligned with the axis of 
rotation of the tested joint. All mechanical signals provided 
by the dynamometer were sampled at 512 Hz.

Table 1  Descriptive 
characteristics of participants in 
each group

Values are mean ± SD

Muscle group Contraction modality Load Age (years) Weight (kg) Height (cm)

Elbow flexors Concentric Low (n = 8) 24.1 ± 1.9 64.1 ± 12.3 170.4 ± 7.3
Eccentric Low (n = 11) 23.8 ± 3.2 67.2 ± 7.9 172.5 ± 8.8

High (n = 13) 26.4 ± 2.5 70.1 ± 9.5 175.4 ± 9.4
Knee extensors Eccentric Low (n = 10) 25.6 ± 2.7 66.6 ± 10.5 172.9 ± 9.0

High (n = 11) 23.3 ± 4.7 65.2 ± 10.9 171.8 ± 6.5
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Elastography

An Aixplorer ultrasound scanner (version 7.0, Supersonic 
Imagine, Aix-en-Provence, France) coupled with a linear 
transducer array (4–15 MHz, SuperLinear 15-4; Vermon, 
Tours, France) was used in shear wave elastography mode 
(musculoskeletal preset) as previously described (Bercoff 
et al. 2004). This technique provides a two-dimensional 
map of shear modulus of a localized area in real-time at 
one sample/s, and it is linearly related to Young’s modulus 
measured using traditional material testing (Eby et al. 2013). 
Therefore, it provides a relevant characterization of passive 
muscle stiffness (Eby et al. 2013). Good reliability of this 
technique has been demonstrated (Lacourpaille et al. 2012). 
The inter-day coefficient of variation and standard error of 
measurement of shear modulus were 5.4% and 0.2 kPa, 
respectively, for the biceps brachii (Lacourpaille et al. 2012).

Experimental design

The experiments were conducted on two separate days. Par-
ticipants first performed an initial test session (PRE) where 
peak torque during maximal isometric contraction and rest-
ing muscle shear modulus were measured. This test session 
was followed by an eccentric or concentric exercise depend-
ing on the respective group. Muscle shear modulus was then 
measured 30 min after the exercise. Peak voluntary isometric 
torque was assessed during the second session performed 
at 48 H.

Interventions

Eccentric knee extension

Participants performed 5 sets of 15 or 30 maximal isokinetic 
(60° s−1) eccentric contractions for the “low load” and “high 
load” groups, respectively. The exercise was executed with 
their dominant leg from 10° to 110° of knee angle (0° = full 
extension). The leg was passively repositioned at 10° after 
each eccentric contraction. Each set was followed by 1 min 
30 s of a passive recovery period.

Eccentric elbow flexion

Participants completed 3 or 6 sets of 10 maximal isokinetic 
(120° s−1) eccentric contractions for the “low load” and 
“high load” groups, respectively. The eccentric contractions 
were performed with their dominant arm from a 60° to a 
175° elbow angle (180° = full extension) with a shoulder 
abduction angle of 0°, i.e., arm along the body. Between 
each contraction, the arm was passively repositioned at 60°. 
A passive recovery period of 1 min 30 s was given between 
each set.

Concentric elbow flexion (control load)

A concentric exercise was performed to evaluate the effect 
of non-damaging contractions on post-exercise muscle 
shear modulus. Participants completed 3 sets of 10 maxi-
mal isokinetic (at 120° s−1) concentric contractions of the 
elbow flexor muscles of the dominant arm. The concentric 
contractions were performed from 175° to 60° of elbow 
joint angle with the same arm repositioning and recovery 
as during eccentric contractions of elbow flexors.

Test sessions

Peak torque

Considering that the force deficit at 48 H is a robust indi-
cator of functional impairments due to muscle damage 
(Paulsen et al. 2012), peak voluntary torque was meas-
ured before and 48 h after the eccentric exercise during 
5 s maximal voluntary isometric contractions (MVC). This 
evaluation was performed at a knee and elbow angle of 
70° and 90°, respectively, after a warm-up of 20 isokinetic 
concentric extensions and flexions (120° s−1). A total of 
three contractions were performed, and the contraction 
with the highest isometric peak torque was considered 
for further analysis. Participants were vigorously encour-
aged to produce the greatest torque possible during each 
contraction.

Elastography measurements

Muscle shear modulus was measured at rest before and 
30 min after the exercise. Indeed, this study aimed to pro-
vide an early, non-invasive, and sensitive marker of mus-
cle damage. Therefore, we would found a tradeoff between 
an immediate measurement after exercise and a significant 
increase in muscle shear modulus. To this aim, we did a 
pilot experiment to determine the time course of the increase 
in biceps brachii shear modulus during the first hour after 
exercise (one measurement every 10 min; unpublished data). 
We found that the shear modulus increased at 10 min after 
exercise and remained stable over the first hour. In addition, 
it has been shown that the measurement of the shear modu-
lus is not altered during a submaximal isometric fatiguing 
task performed until task failure (Bouillard et al. 2012a). By 
convenience, we took a safety margin and chose to measure 
the shear modulus at 30 min after exercise.

For the knee extensors measurements, participants were 
seated on the dynamometer chair with their hip flexed at 85° 
(0° = full extension). Resting shear modulus measurements 
were performed on vastus lateralis (VL), vastus medialis 
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(VM), and rectus femoris (RF) at 30°, 90°, and 110° of knee 
angle on the exercised leg (0° = full extension).

For elbow flexors, participants were seated on the 
dynamometer chair with their right arm positioned in the 
horizontal plane and the shoulder abducted to 90° (Lacour-
paille et al. 2013, 2014). Resting shear modulus of biceps 
brachii (BB) and brachialis (BA) were measured at 70°, 
110°, and 160° of elbow angle (0° = full extension).

As described elsewhere (Lacourpaille et al. 2014), the 
optimal transducer location was determined using a B-mode 
ultrasound image as a region with a muscle thickness of at 
least 1 cm, that avoided hypoechoic regions that relate to fas-
cia and tendon tissue. The ultrasound transducer was posi-
tioned within the direction of the muscle shortening for each 
muscle and perpendicularly to the skin. This location was 
marked on the skin using a waterproof marker so that the 
transducer location remained constant between recordings. 
For each recording, muscle shear modulus was measured for 
10 s (10 values were recorded at 1 sample per second), and 
participants were instructed to remain as relaxed as possible 
(Lacourpaille et al. 2012, 2014).

Data processing

Analysis of elastography data was performed using Aix-
plorer scanner software. Shear modulus values were aver-
aged over a 15-mm-circle region of interest (ROI) (Q-Box 
function). Shear modulus values were averaged over the ten 
consecutive measurements to obtain a representative value.

The increase in muscle shear modulus after exercise-
induced muscle damage is larger at longer muscle length 
(Lacourpaille et  al. 2014). It is therefore impossible to 
compare the change in shear modulus between muscles if 
they are at a different length relative to their optimal length. 
Despite not being problematic for comparison of monoar-
ticular synergist muscles, it becomes important to consider 
for comparison between monoarticular and biarticular syner-
gist muscles. To overcome this limitation, we calculated an 
index of increase in shear modulus independent of muscle 
length. Using previously collected data from passive load-
ing/unloading stretching cycles (Fig. 1a) (Lacourpaille et al. 
2014), we found that the shape of the relationship between 
elbow joint angle (above the slack length ~95°) and the 

Fig. 1  a Relationship between biceps brachii muscle shear modu-
lus and elbow joint angle (from 70° to 160°) obtained before (PRE) 
and 30 min after a damaging exercise (data from Lacourpaille et al. 
2014). b Linear relationship was obtained between elbow joint angle 
(above the slack length; from 95° to 160°) and the absolute increase 
in muscle shear modulus at 30 min (in kPa). The two red arrows rep-
resent the two angles used in the present study to calculate the index 

of increase in muscle shear modulus. Typical examples of the shear 
modulus map (i.e., index of stiffness) superposed onto the B-mode 
image, with the color scale depicting graduation of shear elastic mod-
ulus (in kPa, blue being soft and red being stiff). To obtain a repre-
sentative value, the shear modulus was averaged over the region of 
interest (white circle) (color figure online)
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increase in muscle shear modulus 30 min after the exer-
cise (kPa) is linear (R2 = 0.83 and R2 = 0.99, for individual 
and overall data, respectively, see Fig. 1b). In the current 
study, we estimated the slope of the relationship between the 
change in shear modulus (PRE—30 min) and the joint angle. 
We considered the two joint angles at which the muscles 
were most stretched (i.e., 90° and 110° for the knee exten-
sors and 110° and 160° for the elbow flexors) to calculate the 
index of increase in shear modulus (expressed in %). This 
index allowed us to compare the increase in shear modulus 
between the synergist muscles regardless of their respective 
length.

Statistical analysis

All analyses were performed using Statistica Version 
7.0 (StatSoft, Tulsa, OK). Normality testing (Kolmogo-
rov–Smirnov) and sphericity assumption (Mauchly’s 
test) were consistently passed and values are reported as 
mean ± SD. A one-way [within-subject factor: time (PRE 
and 48 H)] and a three-way ANOVA [within-subject factors: 
time (PRE and 30 min), muscle (BB and BA, or VM, VL and 
RF) and angle (70°, 110°, and 160° of elbow extension, or 
30°, 90°, and 110° of knee flexion)] were performed to test 
the effect of the control load on torque and shear modulus, 
respectively. The effect of time and load on peak torque was 
assessed for each muscle group separately (elbow flexors and 
knee extensors) using a two-way ANOVA [within-subject 
factor: time (PRE and 48 H) and between-subject factor: 
load (low and high)]. A four-way ANOVA (within-subject 
factor: time, muscle, angle, between-subject factor: load) 
was performed to test the effect of the eccentric exercise on 
shear modulus. We ran a separate two-way ANOVA [within-
subject factor: muscle (BB and BA) or (VM, VL and RF), 

between-subject factor: load (low and high)] for each muscle 
group to determine whether the index of increase in shear 
modulus was different between synergistic muscles. When 
appropriate, post hoc analyses were performed using the 
Newman-Keuls test. The effect size was calculated using 
Cohen’s d considering 0.2, 0.5, and 0.8 as a small, medium 
and large effect, respectively (Cohen 1988). The significance 
level was set to P < 0.05.

For both the elbow flexors and knee extensors, Pearson’s 
correlation coefficient was calculated between the relative 
changes in shear modulus averaged over all the synergist 
muscles (in % of PRE) at 30 min and the relative changes in 
force loss at 48 H, by pooling both low and high loads. For 
this test we considered the joint angle at which the highest 
increase in shear modulus was observed (i.e., 160° of elbow 
extension and 110° of knee flexion).

Results

Peak torque

There was no significant effect of time (PRE vs. 48H) on 
maximal elbow flexion torque for control load [P = 0.45 
(d = 0.10)] (Fig. 2). In contrast, there was a significant effect 
of time for maximal elbow flexion torque showing a global 
decrease in peak torque at 48 H (−26.2 ± 19.9%; P < 0.001) 
regardless of the load level (no significant time × load inter-
action; P = 0.117) (Fig. 2). A significant time × load inter-
action (P = 0.044) was found for the knee extension peak 
torque. More precisely, peak knee extensor torque was sig-
nificantly lower at 48 H compared to PRE for low [P = 0.012 
(d = 0.75)] and high load [P = 0.008 (d = 1.20)]. In addition, 

Fig. 2  Maximal voluntary knee extensor (a) and elbow flexor (b) 
torque (N.m) obtained before (PRE, gray histograms) and 48 h (48 H, 
black histograms) after an eccentric (low or high load) or concentric 

(control) exercise. *P  <  0.05 significant difference when compared 
with PRE value. †P < 0.05 significant difference when compared with 
Low load
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the peak torque decrease at 48 H was larger for high (−33.7 
± 19.6%) than low load (−16.8 ± 15.1%; P < 0.001).

Muscle shear modulus

The control load revealed no significant changes in 
shear modulus at any time point or joint angle (all P val-
ues >  0.704). In contrast, we observed a significant 
time × load × angle interaction on elbow flexors (P < 0.001). 
When compared to PRE, the shear modulus of the elbow 
flexors measured at 30 min was significantly higher at 160° 
for both low [+70.5 ± 44.3%; P < 0.001 (d = 1.91)] and 
high load [+153.9 ± 192.4%; P < 0.001 (d = 1.18)]; with 
a significant effect of load at this elbow angle (P < 0.001) 
(Fig. 3). However, the shear modulus measured at 30 min did 
not change when measured at 70° (all P values > 0.989) and 
110° of elbow flexion (all P values > 0.349). For knee exten-
sors, there was a significant time × load × angle interaction 
on shear modulus (P < 0.01). Post hoc test showed that shear 
modulus increased at 30 min in the most stretched position 
(110° of knee flexion) for low [+26.7 ± 19.1%; P < 0.001 
(d = 0.89)] and high load [+79.4 ± 67.1%; P < 0.001 
(d = 1.28)]. A significant increase in shear modulus at 
30 min was also found at 90°, but only for high load [+64.7 
± 56.1%; P < 0.001 (d = 1.22)] (cf. Fig. 3). Additionally, 
the shear modulus at 30 min was higher for a high load than 
a low load at 110° of knee flexion (P < 0.001) (cf. Fig. 3). 
No significant increase in shear modulus was found at 30° 
for both loads (all P values > 0.987).

Relations between shear modulus changes and force 
loss

By pooling both low and high load, there was a strong corre-
lation between the relative changes in elbow flexors and knee 
extensors shear modulus (mean of all synergist muscles) at 
30 min and the relative decrease in peak isometric torque at 
48 H (r = −0.80 and r = −0.82, for elbow flexors and knee 
extensors, respectively) (Fig. 4).

Between‑muscle differences

For both muscle groups, the index of increase in shear 
modulus was higher for the high than the low load (Fig. 5). 
There was a significant muscle × load interaction for elbow 
flexors (P = 0.04) showing a larger index of shear modulus 
increase in BB than BA for high load (P = 0.03), while 
no significant difference was found between these muscles 
for low load (P = 0.78; Fig. 5). For knee extensors, a main 
effect of muscle was observed (P < 0.017). The index of 
increase in shear modulus was higher for RF than both VL 
(P < 0.023) and VM (P < 0.017), while no significant dif-
ference was found between VL and VM (P = 0.786) (Fig. 5). 

These differences were observed regardless of the load (load 
effect: P = 0.604).

Discussion

The present study has two main observations: (1) there was 
a high correlation between the decrease in force-generating 
capacity at 48-h post-eccentric exercise and the increase in 
muscle shear modulus measured 30-min post-exercise; (2) 
synergist muscles are not similarly affected by a damaging 
exercise with the biarticular muscles (BB and RF) more 
affected than their monoarticular synergists.

Fig. 3  a Shear modulus of knee extensors (rectus femoris, vastus lat-
eralis, and vastus medialis are pooled) obtained at three relaxed knee 
joint angles (30°, 90°, and 110°) for low and high loads, before (gray 
histograms, PRE) and 30 min (black histograms, 30 min) after eccen-
tric exercise. b Shear modulus of elbow flexors (biceps brachii and 
brachialis values are pooled) obtained at three relaxed  elbow joint 
angles (70°, 110°, and 160°) for control (bottom panel), low and 
high loads (upper panel), before and 30 min after eccentric exercise. 
*P  <  0.05 significant difference when compared with PRE value. 
†P < 0.05 significant difference when compared with Low load
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Overall, our results show that low and high eccentric 
loads induced a force deficit of about −18% (ranged from 
+2.0% to −45.4%) and −32% (ranging from −3.4% to 
−66.8%), respectively. These results allowed us to determine 
the relevance of the increase in shear modulus as a potential 
marker of the amount of muscle damage over a wide range 
of muscle force-generating capacity deficit.

The present study showed that an intense and non-dam-
aging exercise (concentric contractions) does not change 
the shear modulus. This demonstrates that this measure is 
not influenced by metabolic factors originating from fatigu-
ing contractions. Conversely, we showed a rise in muscle 
shear modulus 30 min after the damaging exercises [from 
+27% (knee extensors-low load) to +147% (elbow flexors-
high load)]. This finding is in accordance with previous 
observations from our group and others (Green et al. 2012; 
Lacourpaille et al. 2014; Guilhem et al. 2016). Note that 
the mechanisms involved in this early rise in shear modulus 

remains unknown. It has been demonstrated that fluid accu-
mulation and inflammation are not the determinant factors 
of this phenomenon (Lacourpaille et al. 2014). The initial 
damage of muscle fiber membranes and cytoskeleton trig-
gers a significant loss of the cytoskeletal protein desmin 
15 min after eccentric contractions (Lieber et al. 1996) and 
increase in resting calcium in muscle fibers (Balnave and 
Allen 1995, 1996). By connecting adjacent myofibrils to 
the Z-line, desmin plays a role in the transmission of tension 
from the contractile apparatus to the sarcolemma (Capet-
anaki et al. 2007). The desmin loss induced by muscle dam-
age may thus affect tension transfer to the fiber membrane 
and should mainly contribute to decrease muscle stiffness. 
The increase in shear modulus is likely associated with the 
rapid calcium homeostasis perturbation subsequent to the 
myofibrillar disruptions induced by eccentric contractions 
(Whitehead et al. 2001; Chen et al. 2007). This interpretation 
is supported by the following observations. First, calcium 

Fig. 4  Significant correla-
tions (P < 0.05) were found 
between the relative increase in 
muscle shear modulus (in % of 
pre-exercise value, %PRE) at 
30-min post-exercise (30 min) 
and the relative decrease in peak 
voluntary torque 48 h after exer-
cise (48 H) for elbow flexors 
(Elbow—blue circles) and knee 
extensors (Knee—red circles) 
(low and high loads are pooled) 
(color figure online)

Fig. 5  Index of increase (expressed as a percentage) in biceps bra-
chii (BB, gray histograms), brachialis (BA, black histograms), vas-
tus lateralis (VL, white histograms), vastus medialis (VM, white 
hatched histograms), and rectus femoris (RF, white histograms whit 

black dots) 30 min after an eccentric exercise (low and high loads). 
*P < 0.05 significant difference between synergist muscles. †P < 0.05 
significant difference when compared with the Low load
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homeostasis perturbation has been reported to be sufficient 
to trigger an augmentation of stable attached cross-bridges 
number (Whitehead et al. 2001) and/or the binding between 
titin and actin proteins (Herzog 2014). Second, we observed 
a large increase in shear modulus at long muscle lengths 
(+54 and +112%, for knee extensors and elbow flexors, 
respectively) while no changes were observed when the 
muscle was below the slack length. This result may reflect 
the increased sensitivity of muscle fibers to  Ca2+ increases 
as muscle is elongated (Stephenson and Wendt 1984; Bal-
nave and Allen 1996). Note that our approach provides only 
an indirect estimation of muscle damage. The direct relation-
ship between changes in shear modulus and muscle damage 
remains to be established through an invasive approach that 
would quantify the proportion of disrupted fibers (Raastad 
et al. 2010) and assess sarcoplasmic  Ca2+ regulation (Chen 
et al. 2007).

Our results showed that the relative increase in shear 
modulus measured at long muscle lengths 30 min after 
an eccentric exercise was strongly correlated to the force 
loss at 48 H (r ≥ −0.80; Fig. 4). It is noteworthy that this 
relationship does not seem linear over the entire range (cf. 
Fig. 4) but apparently level off at around 50% of decrease 
in peak voluntary torque. It is possible that the slope of the 
relationship depends of the amount of muscle damage. In 
case of severe muscle damage (i.e., >50% force reduction; 
Paulsen et al. 2012), an accumulation of leucocytes in the 
exercised muscles is systematically reported (Beaton et al. 
2002; Paulsen et al. 2010). This accumulation might worsen 
the sarcolemmal damage (Proske and Morgan 2001). Alter-
natively, the changes in the angle of peak torque observed 
in the presence of muscle damage (Butterfield and Herzog 
2005) might lead to an over- or underestimation of the iso-
metric strength loss. As such, it would affect the slope of the 
relationship between the increase in muscle shear modulus 
and the strength loss at 48 H. Regardless the origin of this 
non-linear relationship, we can reasonably conclude that 
the greater the increase in shear modulus, the bigger the 
functional impairment. Additionally, considering that the 
decrease in maximal force-generating capacity is related 
to the number of disrupted fibers (Raastad et al. 2010), it 
seems reasonable to assume that our results indicate that 
the increase in muscle shear modulus reflects the amount of 
muscle damage. Interestingly this finding was observed sub-
sequently for low and high eccentric loads in muscles with 
different susceptibility to damage, underlying its potential 
for sport settings and clinical practice.

The increase in muscle shear modulus demonstrated a 
muscle-length dependency with an absence of increase at 
a short muscle length (Fig. 3). As all the synergist muscles 
were not placed at the same relative length, the increase in 
shear modulus could not be used to compare the amount of 
damage between muscles. We therefore calculated an index 

of increase in muscle shear modulus that was independent of 
muscle length (Fig. 1b). This index was higher for high than 
low load exercises, for all the muscles (Fig. 5). In addition, 
the between synergistic muscles comparison revealed that 
the index of increase in shear modulus was higher for the 
biarticular rectus femoris and biceps brachii muscles than for 
the monoarticular vastii and brachialis muscles. This find-
ing is in accordance with the larger edema (assessed using 
 T2-MRI measurements) observed in rectus femoris than 
vastus lateralis and vastus medialis after repeated eccentric 
contractions (Prior et al. 2001; Paulsen et al. 2010). Similar 
results were reported for the biceps brachii that exhibited 
a higher  T2 signal intensity change after a fast eccentric 
exercise than the brachialis (Kulig et al. 2001). This find-
ing is likely explained by the predominance of fast twitch 
fibers in these muscles (rectus femoris and biceps brachii) 
(Johnson et al. 1973). Indeed, several studies in human (e.g., 
Chapman et al. 2013; Kulig et al. 2001; Paddon-Jones et al. 
2005) suggest that type II fibers are more prone to damage, 
although none of them has demonstrated this relationship 
directly. In addition, other works showed that the rectus fem-
oris experienced greater damage due to the longer muscle 
lengthening distance during seated eccentric knee extension 
compared to daily life multi-joints tasks (Takahashi et al. 
1994; Prior et al. 2001). Additionally, the greater moment 
arm (Kawakami et al. 1994) combined with the longer fibers 
of the biceps brachii may result in larger biceps brachii fiber 
strain compared to brachialis during eccentric contractions.

In the present study, we considered the decrease in peak 
torque measured at 48 H during maximal voluntary isomet-
ric contractions as a surrogate of exercise-induced myofibril-
lar disruptions (Raastad et al. 2010). This is questionable 
as muscle damage is also associated with delayed soreness 
that might peak at 48 H. As experimental pain alone (i.e., 
without associated tissue damage) may be associated with 
reduced maximal voluntary contraction torque to an extent 
that can vary between individuals (Salomoni et al. 2016), 
soreness may have acted as a cofounding factor in our 
experiment. In addition, shear modulus was not measured 
in all the synergist muscles, with only ~80% (knee exten-
sion) and ~87% (elbow flexion) of the physiological cross 
sectional area considered (Kawakami et al. 1994; Farahmand 
et al. 1998). Together, this may explain why the correlation 
between force deficit at 48 H and increased shear modulus at 
30 min is not perfect (Hopkins 2000). Despite these limita-
tions, the relationship is considered as very high (Hopkins 
2000) meaning that the shear modulus of the main agonist 
muscles is sufficient to provide a strong estimation of the 
amount of muscle damage.

The results of the present study may have important 
applications in musculoskeletal rehabilitation and sport 
practice. Indeed, muscle force decrease subsequent to eccen-
tric exercise governs an individual’s ability to resume or 
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sustain physical activity. As such, early, simple, and non-
invasive detection of the force deficit may allow clinicians 
and coaches to adapt the timing and the intensity of the reha-
bilitation or training session following a damaging exercise. 
In addition, the accumulation of muscle damage throughout 
a sport season is thought be a key factor for muscle strain 
injury etiology in elite-level athletes (Opar et al. 2012). 
Therefore, further studies are needed to determine how the 
evaluation of muscle shear modulus may help coaches to 
adapt the training volume in the next days after damaging 
exercises and to determine if this approach could contribute 
to reduce the occurrence of muscle strain injury.

Conclusion

Using two different eccentric exercise loads, we observed 
a close relationship between a decrease in force-generating 
capacity 48-h post-eccentric exercise and early increase in 
muscle shear modulus in muscle groups more (elbow flex-
ors) or less (knee extensors) prone to muscle damage. There-
fore, the current study provides evidence that an increase 
in muscle shear modulus 30 min post-exercise can be con-
sidered as an early and non-invasive marker of the amount 
of muscle damage. In addition, calculation of the index of 
increase revealed that synergist muscles are not similarly 
affected by a damaging exercise, as evidenced by biarticu-
lar muscles (BB and RF) that are more affected than their 
monoarticular synergists. Overall, these results may have 
important applications in musculoskeletal rehabilitation and 
elite sport practice.
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