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Abstract 
The study aimed to investigate the relationships between the shear 
modulus of the biceps brachii (BB) and brachialis muscle (BA) 
and the total of the two (BB+BA), and urinary titin N-terminal 
fragment (UTF), maximum voluntary isometric contraction 
(MVC), and other indirect markers. Fifteen healthy men per-
formed five sets of 10 eccentric contractions using a dumbbell 
corresponding to 50% of MVC at 90° measured at baseline. The 
elbow joint of the left arm was extended from 90° to 180° (180° 
= full extension) in 5 s in the exercise, and was returned with sup-
port from the examiner to prevent concentric contraction. Shear 
modulus of BB and BA were measured by ultrasound shear wave 
elastography, and UTF, MVC, and range of motion of the elbow 
joint (ROM) were recorded before; immediately after; and 1, 24, 
48, 72, 96, and 168 h after the exercise. After calculating the shear 
modulus of BB and BA, two values were added (BB+BA). The 
shear modulus peaked at 48 h, UTF peaked at 96 h, MVC and 
ROM changed largest at immediately, and muscle soreness 
peaked at 48 h post-exercise. Significant (p < 0.05) relationships 
were found between changes in BB shear modulus and BA shear 
modulus (r = 0.874), BB+BA shear modulus (r = 0.977), UTF (r 
= 0.681), and MVC (r = −0.538). Significant (p < 0.05) relation-
ships were also observed between changes in BA shear modulus 
and BB+BA shear modulus (r = 0.957), UTF (r = 0.682), MVC (r 
= −0.522), and ROM (r = −0.600). Moreover, significant (p < 
0.05) relationships were observed between changes in BB+BA 
shear modulus and UTF (r = 0.703), MVC (r = −0.549), and ROM 
(r = −0.547). These results indicate that shear modulus of each 
muscle (i.e., BB and BA) provide more precise information about 
muscle damage than UTF, MVC and ROM. 
 
Key words: Shear wave elastography, exercise-induced muscle 
damage, biceps brachii, brachialis muscle. 

 
 
Introduction 
 
Skeletal muscle damage induced by eccentric muscle con-
traction (exercise-induced muscle damage: EIMD) has 
been indicated by several indirect markers such as a de-
crease in maximum voluntary contraction (MVC) force 
and range of motion (ROM) and increases in creatine ki-
nase (CK), muscle stiffness, delayed-onset muscle sore-
ness (SOR), and swelling (Murayama et al., 2000; Chen et 
al., 2007; Damas et al., 2016; Inami et al., 2022). In addi-
tion, increases in the urinary titin N-terminal fragment 
(UTF) were reported after eccentric exercise (Kanda et al., 
2017) and a significant relationship between changes in 
UTF and MVC (r = −0.596) and CK (r = 0.966) was              

reported (Yamaguchi et al., 2020c). UTF has recently been 
used as an alternative plasma biomarker that reflects the 
magnitude of global EIMD.  

Although a prolonged decrease in MVC is consid-
ered a good non-invasive marker of muscle damage 
(Damas et al., 2016), accurate quantification of individual 
muscle damage requires histological examination of mus-
cle biopsy samples from individual muscles by determin-
ing the number of myofibrillar disruptions (Raastad et al., 
2010). However, as this is an invasive procedure, previous 
studies focusing on differences in individual muscle dam-
age to the biceps brachii (BB) and brachialis muscle (BA) 
that are synergistic to elbow flexion, have used imaging 
techniques such as magnetic resonance (MR) and/or ultra-
sound. For example, Nosaka et al. (2001) evaluated elbow 
flexors (i.e., BB and BA) that performed eccentric exercise 
by means of MR T2-weighted images. They found that the 
arm curl eccentric exercise in the longer muscle length con-
dition (100° to 180°; full extension 180°; same below) in-
duced greater damage to the BB and BA than the arm curl 
eccentric exercise in the short muscle length condition (50° 
to 130°). On the other hand, a decrease in MVC is related 
to the number of disrupted fibers (Raastad et al., 2010), and 
there have been increasing reports that muscle shear mod-
ulus assessed by ultrasonic shear wave elastography 
(SWE) is used to assess muscle damage (Lacourpaille et 
al., 2014; 2017; Inami et al., 2022; Ličen and Kozinc, 
2022). For example, Lacourpaille et al. (2014) compared 
differences in BB and BA that performed eccentric exer-
cise between 60° to 175° of the elbow joint using MR (T2 
relaxation time) and SWE. They found no difference in 
changes in shear modulus between the synergistic muscles 
(i.e., BB and BA), which was also shown by the MR re-
sults. Subsequently, Lacourpaille et al. (2017) used only 
SWE and found that the index of shear modulus increased 
in BB greater than in BA for high load, while no significant 
difference was found between these muscles for low load. 
These studies suggest that the magnitude of individual 
muscle damage differs based on the involvement of muscle 
fiber length and high load.  

To our knowledge, only one study (Inami et al., 
2022) has investigated the relationships between changes 
in muscle shear modulus and UTF, MVC, other indirect 
markers after eccentric exercise. Our previous study 
showed that the correlation coefficient between MVC and 
shear modulus was −0.716 and that between UTF and BB 
shear modulus was 0.686 after eccentric exercise of the      
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elbow flexor. Titin, measured by UTF, is a sarcomere con-
stituent protein that mainly supports the contraction of ac-
tin and myosin filaments in the fiber direction (longitudinal 
direction). Muscle shear modulus is also defined as a meas-
ure along the sarcomere/muscle fiber direction (longitudi-
nal direction), similar to UTF (Inami & Kawakami, 2016). 
This suggests that although global indirect markers of mus-
cle damage such as titin and muscle strength are involved 
in changes in muscle stiffness after eccentric exercise, only 
the shear modulus of BB has been evaluated not BA (Inami 
et al., 2022). UTF has a stronger relationship with MVC (r 
= −0.83) than with the BB shear modulus (r = 0.686); how-
ever, in a previous study (Damas et al., 2016) that analysed 
the role of indirect markers, including MVC after eccentric 
exercise of the elbow flexors, shear modulus and UTF were 
not included as indirect markers. Therefore, the relation-
ships between changes in the synergistic muscle shear 
modulus of the elbow flexors (i.e., BB+BA and changes in 
UTF and MVC after elbow flexor eccentric exercise are not 
known.  

Therefore, the present study further investigated the 
relationships between the BB and BA shear modulus and 
UTF, MVC, and other indirect markers. It was hypothe-
sized that the relationships would be stronger when both 
BB and BA were included for the shear wave analyses than 
BB alone.  
 
Methods 
 
Participants 
Fifteen healthy male participants (age, 22.0 ± 4.7 years; 
height, 1.7 ± 0.04 m; and body mass, 61.6 ± 4.7 kg) partic-
ipated in this study. The sample size was estimated based 
on our previous study (Inami et al., 2022) using G*Power 
software (G*Power 3.1.9.2; Heinrich-Heine-Universität 
Düsseldorf, Düsseldorf, Germany) with an effect size of 
0.68, α level of 0.05, and power (1-β) of 0.80 for a possible 
correlation between UTF and shear modulus, showing that 
11 participants were necessary. 

A month before and during the experiment, the par-
ticipants were requested to avoid strenuous or unfamiliar 
exercise, maintain normal dietary and sleeping habits, and 
avoid consuming anti-inflammatory drugs (such as non-
steroidal anti-inflammatory drugs) or dietary supplements 
(such as vitamins, proteins, and amino acids). 

They were informed of the nature, aims, and risks 
associated with the experimental procedures before provid-
ing written informed consent. The study was conducted in 
accordance with the principles of the Declaration of Hel-
sinki and approved by the university’s ethics committee 
(21-003). 
 
Experimental design 
The study was conducted over nine days based on our pre-
vious study (Inami et al., 2022). Before the experiment, the 
participants were familiarized with the muscle strength 
measurement method. On the first day before the eccentric 
exercise, a measurement session (pre) was conducted, and 
eccentric exercises were performed on the elbow flexor 
muscles. After the eccentric exercise, the same measure-
ment sessions were repeated immediately after (post), and 

1, 24, 48, 72, 96, and 168 h post-exercise. During the meas-
urement session, MVC, ROM, and SOR were measured in 
addition to BB and BA shear modulus and UTF. 
 
Eccentric exercise 
Participants were seated on an arm-curl bench with the hip 
flexed at 85° (0° = full hip extension). As described in a 
previous study (Nosaka & Newton, 2002), the participants 
were tightly secured to an arm-curl bench with non-elastic 
straps during the exercise. They completed five sets of 10 
eccentric contractions with a dumbbell weighing 50% of 
the elbow joint MVC of the left arm measured during the 
pre session. The elbow joint was extended from 90° to 180° 
(180° = full extension), in 5 s. To ensure that only eccentric 
contractions were performed, the examiner supported the 
participant’s elbow flexion during the concentric phase. 
All contractions were repeated every 3 s, and a recovery 
period of 2 min was provided between sets. Muscle activity 
was monitored using an electromyogram (EMG; DataLITE 
EMG, Biometrics Ltd., UK) attached to the skin over the 
BB. The sampling frequency was set to 1000 Hz, and an 
offline digital filter was applied with a bandpass filter of 
10-450 Hz. Surface EMG signals of BB were recorded dur-
ing the eccentric exercise. 
 
Muscle strength (elbow MVC) 
Maximum isometric elbow flexion strength was evaluated 
during 5 s of isometric MVC at an elbow angle of 90° using 
a handheld dynamometer (Mobie, SAKAI Medical Co., 
Ltd. Japan). Two trials were performed, and the trial with 
the highest isometric strength (MVC) was used for further 
analysis. If the difference between the two measurements 
exceeded 10%, a third measurement was performed. 
 
Range of motion (ROM) 
A semi-permanent ink marker was used to mark the center 
of the acromion, lateral epicondyle, and ulnar styloid. The 
elbow joint angle was photographed in relaxed and flexed 
states to determine the active ROM, and the angle formed 
between the line connecting the center of the acromion and 
the lateral epicondyle and that connecting the lateral epi-
condyle and the ulnar styloid was calculated using ImageJ 
software (version 1.39, NIH, USA). After the relaxed and 
flexed angles were determined, the re-relaxed angle was 
subtracted from the flexed angle to determine the elbow 
joint ROM (Yamaguchi et al., 2020b). 
 
Subjective muscle soreness (SOR) 
We measured SOR as a subjective evaluation of muscle 
damage (Inami et al., 2022). SOR was assessed using a 
100-mm visual analogue scale (VAS), with 0 indicating no 
pain and 100 representing extreme pain. SOR was meas-
ured when participants actively extended their arms. Par-
ticipants were instructed to hold their shoulder joints at 90° 
flexion and elbow joints at 180° active extension and to 
mark their perceived SOR levels on the VAS. 
 
Shear modulus of BB and BA 
BB and BA shear modulus measurements were performed 
at 180° elbow joint (full extension), 10° shoulder joint ex-
tension, and 30° shoulder joint abduction while lying        
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supine on a bed. The ultrasonographic apparatus used an 
ultrasound shear wave scanner in “shear wave” mode cou-
pled with a linear array transducer (Aplio 300, Canon Co., 
Ltd., Japan). Based on previous studies (Nosaka and Clark-
son, 1996; Hodges et al., 2003; Inami et al., 2022), the ul-
trasound transducer was placed over the muscle belly of the 
long head of the BB and BA (that is, the location of the 
probe was approximately 50% [BB] and 70% [BA] of the 
upper arm length from the acromial process of the scapula 
to the lateral epicondyle of the humerus). Using a semi-
permanent ink marker, the probe was attached to the same 
location across sessions and days, and the measurement 
marks were maintained during the experimental period. 
Throughout the scanning, care was taken not to press or 
deform the muscles. The elastographic images were ac-
quired after ensuring that the color map and propagation 
imaging of the shear wave speed were stable for a few sec-
onds during the session. The elastographic images obtained 
were transferred to a computer as bitmaps (.bmp) files, cal-
culated, averaged using a dedicated software (iElasto-
graphic image analyser, Takei Scientific Instruments Co., 
Ltd., Japan), and used for analyses. The mean shear modu-
lus of each muscle was calculated over the region of inter-
est from which the aponeurosis and subcutaneous adipose 
tissues were excluded from the B-mode images. In the pre-
liminary experiment conducted before the research, the 
shear modulus of BB and BA in the resting muscle condi-
tion of the three images had a coefficient of variation of 1.6 
± 1.1% and 1.7 ± 1.1%, respectively. Thus, the average 
value of the three images was used as the representative 
value of the shear modulus of each muscle. With reference 
to the calculation method of a previous study (Murayama 
et al., 2020), after calculating the shear modulus for each 
BB and BA, BB+BA was further calculated by adding 
them. When it was uncomfortable to completely extend the 
elbows owing to pain, the elbow joint was slowly extended 
(1° s-1) and completely extended gradually while consult-
ing the participant so that the stretch reflex does not occur 
(Howell et al., 1985; Murayama et al., 2000; Inami et al., 
2022). All measurements and analyses of the ultrasonogra-
phy data were performed by an experienced examiner (>10 
years of experience).  
 

Titin N-terminal fragment excretion assays 
Approximately 3 mL of urine was collected from each par-
ticipant to measure the UTF concentrations via an enzyme-
linked immunosorbent assay (ELISA) system using a titin 
N-terminal fragment assay kit (Immuno-Biological Labor-
atories Co., Ltd., Japan), as previously described (Yama-
guchi et al., 2020a). The samples were stored at −20 °C for 
later analyses. Thawed urine samples were diluted at 1:5-
1:500 such that the diluted samples were within the linear 
detection range. Diluted samples and standard solutions 
were added to each antibody-coated well of a 96-well mi-
croplate and incubated at 37 °C for 60 min. Subsequently, 
the microplates were washed four times with wash buffer, 
labeled antibodies were added to each well, and the plates 
were incubated again at 37 °C for 30 min. The tetra-
methylbenzidine solution was incubated at room tempera-
ture for 30 min after washing with the wash buffer five 
times. Stop solutions were added to each well during the 
final step of the ELISA. Absorbance was measured using a 

microplate reader at a wavelength of 450 nm and subwave-
length of 650 nm (Thermo Fisher Scientific, Multiskan FC, 
USA). The UTF concentration was calculated using a lin-
ear regression model, and urinary creatinine levels were es-
timated using an automated analyser (Bio Majesty JCA-
BM8060, JEOL, Japan). The UTF values were normalized 
relative to urinary creatinine (Cr) (each raw data point in 
the urine/Cr concentration) (Maruyama et al., 2016). Nor-
mal UTF concentrations ranges between 0.9-7.6 
pmol/mg/dL (Yamaguchi et al., 2020b). 
 
Statistical analysis 
Values are mainly expressed as mean ± standard deviation. 
Changes after exercise were compared between each con-
dition using a two-way analysis of variance (ANOVA) 
with two factors (muscle × time). If a significant interac-
tion effect was found, a post hoc test was performed to 
identify the time points of significant differences between 
conditions using Bonferroni’s method. This test indicated 
a non-normal distribution of the UTF data; therefore, a log-
arithmic transformation (log10) was applied before the 
analysis (Inami et al., 2022). Pearson's correlation analysis 
was used to correlate the BB+BA, including the BB and 
BA shear modulus, with the other measures. Statistical sig-
nificance was set at p < 0.05. All statistical analyses were 
performed using IBM SPSS Statistics 28 software (SPSS 
Inc., Chicago, IL, USA).  
 
Table 1. Baseline values of all measurement criteria. 

BB+BA 98.4 ± 15.6 (73.3 - 126.0) kPa 
BB 47.9 ± 8.5 (29.8 - 62.2) kPa 
BA 50.6 ± 7.6 (37.6 - 63.8) kPa 

UTF 2.1 ± 1.0 (0.6 - 3.9) pmol/mg/dL 
MVC 17.9 ± 2.3 (13.5 - 21.7) kgf 
ROM 163.3 ± 5.4 (154.3 - 171.9) degree 
SOR 0.0 ± 0.0 (0.0 - 0.0) mm 

BB+BA: shear modulus of biceps brachii + brachialis, BB: shear modulus 
of biceps brachii, BA: shear modulus of brachialis, UTF: urinary titin N-
terminal fragment, MVC: maximum voluntary contraction, ROM: range 
of motion, and SOR: subjective muscle soreness.   
 
Results 
 
Table 1 presents the baseline values of all criteria for meas-
urement. Figures 1 and 2 summarize the changes in each 
muscle damage marker over time. UTF increased signifi-
cantly from 2.1 ± 1.0 to 137.9 ± 168.3 pmol/mg/dL 96 h 
after exercise and remained significantly higher than at 
baseline until 168 h after exercise (Figure 1A). MVC de-
creased significantly from a baseline value of 17.9 ± 2.3 to 
9.7 ± 3.5 kgf (51.2 % from baseline) immediately after ex-
ercise and remained significantly lower than at baseline un-
til 168 h after exercise (Figure 1B). ROM significantly de-
creased from 163.3 ± 5.4° to 156.3 ± 8.1° (78.9 % from 
baseline) immediately after exercise and remained signifi-
cantly lower than at baseline until 96 h after exercise (Fig-
ure 1C). Subjective SOR on elbow extension was signifi-
cantly higher immediately after and 24-96 h after exercise 
than at baseline (Figure 1D).  

BB+BA shear modulus significantly increased from 
an initial value of 98.4 ± 15.6 to 181.0 ± 51.5 kPa (182.8 
% from baseline) 48 h after exercise and decreased until 
recovery  at  96  h  after  exercise  (Figure 2A).  BB  shear   
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Figure 1. Changes in [A] urinary titin N-terminal fragment (UTF), [B] maximum voluntary contraction (MVC), [C] range of 
motion (ROM), and [D] subjective muscle soreness (SOR). The values for each time course significantly differed from those 
before the first session (pre). *p < 0.05. 

 

modulus significantly increased from an initial value of 
47.9 ± 8.5 to 94.1 ± 26.4 kPa (196.4 % from baseline) 48 h 
after exercise and decreased until recovery at 96 h after ex-
ercise (Figure 2B). BA shear modulus significantly in-
creased from an initial value of 50.6 ± 7.6 to 86.9 ± 25.4 
(171.7 % from baseline) 48 h after exercise and decreased 
until recovery at 96 h after exercise (Figure 2C). Figure 3 
shows the baseline and peak shear modulus in BB and BA. 
The baseline shear modulus was significantly higher for 
BA than BB (p = 0.03), and the peak was significantly 
higher for BB than BA (p < 0.001). Figure 4 shows the dis-
tribution of elbow flexor shear modulus and other muscle 
damage indices.  
 

 

 
 

 
 

Figure 3. Difference in the baseline and peak muscle shear 
modulus of the biceps brachii (BB) and brachialis (BA) mus-
cles. *p < 0.05. 

Regarding the correlation coefficients with shear 
modulus and other measures, BB shear modulus showed 
significant positive correlations with BA (r = 0.874) as well 
as BB+BA shear modulus (r = 0.977) and UTF (r = 0.681), 
whereas a negative correlation was observed for MVC (r = 
−0.538). BA shear modulus showed significant positive 
correlations with BB+BA shear modulus (r = 0.957) and 
UTF (r = 0.682), but a negative correlation with MVC (r = 
−0.522) and ROM (r = −0.600). BB+BA shear modulus 
showed significant positive correlations with UTF (r = 
0.703), and a negative correlation with MVC (r = −0.549) 
and ROM (r = −0.547). 
 
Discussion 

 
The results showed that (1) the correlation values between 
BB+BA shear modulus and UTF or MVC were slightly 
higher than with those with BB shear modulus alone; (2) 
there was no difference in changes in shear modulus be-
tween BB and BA. These findings support our hypothesis.  

According to a previous study (Damas et al., 2016), 
the degree of EIMD associated with eccentric exercise 
strongly depends on the extent of MVC change. In this 
study, MVC decreased by 51.2% immediately after the ex-
ercise. A decrease greater than 50%, which is considered 
severe (Paulsen et al., 2012), was similarly reported in pre-
vious studies that used dumbbell exercises to induce mus-
cle damage (Chen et al., 2007; Lavender and Nosaka, 
2006),  including  ou r previous  study (Inami et al., 2022). 
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Figure 2. Comparison between the change in muscle shear modulus of the [A] biceps brachii + brachialis (BB+BA), [B] biceps 
brachii (BB), and [C] brachialis (BA) (normalized change from baseline [%]). *p < 0.05. 
 

Additionally, the shear modulus peak value of BB was ap-
proximately twice (1.96-fold) as large as that of the resting 
muscle shear modulus (47.9-94.1 kPa), and the correlation 
between BB shear modulus and titin measured by UTF was 
0.68. These results are consistent with those of a previous 
study (Inami et al., 2022) that measured BB shear modulus 
using similar methods (changes of 1.98-fold and correla-
tion coefficient of 0.7). Furthermore, similar results were 
obtained regarding time-course change, in which BB shear 
modulus peaked after 48 h, and the titin measured by UTF 
peaked after 96 h. These results suggest that the exercise 
tasks and/or measurement methods used in our study are 
appropriate. 

The correlation values between BB+BA shear mod-
ulus and UTF or MVC were slightly higher than those with 
BB alone. Larger damage to the BB, a biarticular muscle, 
has also been reported in MR T2 changes (Kulig et al., 
2001) besides that in studies with SWE (Lacourpaille et al., 
2014; 2017), and is also explained from the perspective of 
the superiority of damage to fast-twitch and type-II fibers 
(Chapman et al., 2013). In contrast to the results of these 
studies, BA shear modulus increased in similar magnitudes 
to that of BB shear modulus, and changed over a similar 
time-course. Consequently, it did not differ between mus-
cles in our study. Regarding the eccentric exercise in this 

study, each muscle shear modulus was measured at 180° 
(full extension) of the elbow joint, and the increase in BA 
shear modulus may have been large compared with that in 
previous studies using SWE (Lacourpaille et al., 2014; 
2017). Considering that BA reportedly contributes the 
most to the torque among the elbow flexors (Kawakami et 
al., 1994), the shear modulus values of the BB and BA with 
full extension of the joints affected by the damaged mus-
cles were large, which may be reasonable. In other words, 
the results showed that the increased BB+BA shear modu-
lus after eccentric exercise was maximized. However, the 
relationship between BB+BA and UTF or MVC, which 
was considered maximized, was slightly greater than that 
for BB shear modulus alone. The detailed physiological 
and/or morphological relationship between the shear mod-
ulus and other indirect muscle damage markers remains un-
known. As one of the major reasons, it was considered that 
shear modulus in this study did not contribute entirely to 
elbow flexor muscles, with only approximately 87% 
(BB+BA) of the physiological cross-sectional area consid-
ered (Kawakami et al., 1994). The brachioradialis muscle, 
which could not be measured in this study, contributes 19% 
to the elbow flexor torque (Kawakami et al., 1994); this 
limitation of our study could explain the moderate relation-
ship  between  shear  modulus and global indirect damage
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Figure 4. Correlation coefficients between damage markers. The top shows the relationship between the shear modulus of biceps brachii + 
brachialis (BB+BA), and other muscle damage indices; the middle shows the relationship between the shear modulus of the biceps brachii (BB) and 
other muscle damage indices; the bottom shows the relationship between the shear modulus of the brachialis (BA) and other muscle damage indices.    
* p < 0.05. 
 

markers. As mentioned in the review by Ličen & Kozinc 
(2022) on using SWE to assess muscle damage, the find-
ings about the relationship between SWE and other indirect 
markers (particularly UTF) is lacking compared to that on 
other indirect markers such as MVC. Although the findings 
of this study contributed to this knowledge, additional stud-
ies are needed to investigate how well the shear modulus 
reflects the global extent of muscle damage. However, 
since an important point of our results is that changes in the 
sarcomere structure shortened by damage are related to 
changes in shear modulus, we considered it more relevant 
to include information about synergistic muscles contrib-
uting to joint motion when investigating the relationship 
between global markers and local markers. SWE can pro-
vide feedback immediately after measurement, which is 
advantageous considering that UTF analysis using urine 
samples currently takes multiple days. 

From the perspective of time-course change of each 
indirect muscle damage marker, BB and BA shear modulus 
peaked at 48 h, UTF peaked at 96 h, MVC and ROM 
peaked at post, and SOR peaked at 48 h post-exercise. 
These patterns of time-course changes, amount of change, 
and range of values support previous results (Yamaguchi 
et al., 2020c; Inami et al., 2022). In this study, UTF and 

MVC showed the highest correlation among all five indi-
rect markers measured (r=−0.776). Intense eccentric con-
tractions contract individual muscle fibers longitudinally, 
resulting in the destruction of muscle cell membranes and 
myofibrils (Yu et al., 2003). This destruction is observed 
immediately after exercise, and several hours later, myofi-
brils are further degraded by proteases (Yu et al., 2003). 
The physiological mechanism responsible for why BB+BA 
shear modulus peaked at 48 h post-exercise remains un-
clear. However, this may be related to the damage to com-
ponents of the excitation-contraction (E-C) coupling pro-
cess and/or to the time course in which the unstable sarco-
mere shortens and stabilizes, including the cross-bridge 
number and titin (Proske & Morgan 2001). Moreover, cal-
pain 3, a protease, is expressed primarily in skeletal muscle 
and is associated with titin (Ono et al., 2016). Calpain 3 
specifically cleaves and degrades titin, and this phenome-
non has been confirmed to induce muscle damage after ec-
centric contraction (Raastad et al., 2010). Therefore, it is 
logical that UTF peaks after BB+BA peaks at 48 h, and the 
delayed peak of UTF mentioned above is considered to be 
strongly influenced by this degrading enzyme (calpain). 
The presence of titin, a metabolite excreted via mechanical 
stimulation and locally generated intramuscularly by          
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eccentric exercise, may be explained by the time difference 
until it could be excreted into the urine via the lymph and 
blood vessels. Although detailed information is unavaila-
ble on the relationship between MVC and UTF, which are 
considered good indirect markers, and UTF, which cap-
tures the same longitudinal direction of muscle contraction 
as MVC, is valuable as a global indirect marker specific to 
eccentric contraction. However, considering that UTF still 
peaks at 96 h, MVC is beneficial in terms of early predic-
tion of the extent of damage and cost-effectiveness. 

We also found an interesting relationship between 
BA shear modulus and ROM. Although active ROM was 
measured in this study, our results suggest that BA, not BB, 
may be involved in limiting ROM. Our previous study 
showed no significant relationship between BB and ROM 
(Inami et al., 2022). Moreover, we observed that elbow 
flexors are not arranged at the same relative length, and the 
difference in muscle fiber length between BB and BA con-
tributes to this phenomenon. In addition, the site close to 
the moving joints (elbow joint) may also be severely dam-
aged (Inami et al., 2019). SOR was not correlated with 
other markers, including shear modulus, UTF, and MVC. 
Although pain due to EIMD may be associated with           
reduced maximum voluntary contraction torque to an ex-
tent (Salomoni et al., 2016), SOR of the quadriceps mus-
cles after eccentric exercise was not correlated with the 
shear modulus changes (Chalchat et al., 2022; Xu et al., 
2019). It may not have acted as a confounding factor in our 
experiment. 

In this study, we mainly included BA and analysed 
the relationship between indirect markers such as UTF and 
MVC. However, it may be necessary to include factors in 
the brachioradialis muscle to better understand the relation-
ship between shear modulus and UTF and MVC, as dis-
cussed. In addition, all urine samples were collected in the 
same time zone; however, the data were not pooled, and 
the diurnal variation of UTF was unclear. This issue may 
have also affected the correlation between UTF and other 
markers. Moreover, the shear modulus of all the muscles 
of the upper arm and forearm that contribute to elbow flex-
ion were accumulated, and detailed examination with other 
indirect markers would require multiple regression or clus-
ter analysis.  
 
Conclusion 
 
The present study found that BB+BA shear modulus had a 
slightly stronger relationship with UTF or MVC than BB 
alone. When investigating the relationship between global 
markers, such as UTF and MVC, and local markers, such 
as shear modulus, it is more relevant to include more infor-
mation about synergistic muscles contributing to joint mo-
tion.  
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Key points 
 
 Moderate relationships exist between changes in shear 

modulus and other muscle damage markers such as 
UTF, MVC, and ROM. 

 No significant difference was found for the changes in 
shear modulus between biceps brachii and brachialis 
muscle. 

 To better understand the relationships between the 
shear modulus of the elbow flexors and UTF and 
MVC, assessing the brachioradialis shear modulus is 
necessary. 
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