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Abstract 
This study aimed to investigate the relationship between the mus-
cle shear modulus of the biceps brachii, urinary titin N-terminal 
fragment (UTF), and other damage markers after eccentric exer-
cise. Seventeen healthy males performed five sets of ten eccentric 
exercises with dumbbells weighing 50% of the maximum volun-
tary contraction (MVC) at the elbow joint. Muscle shear modulus 
with range of interest set to only biceps brachii muscle measured 
by ultrasound shear wave elastography, UTF, MVC, range of mo-
tion (ROM), and soreness (SOR) were recorded before, immedi-
ately after, and 1, 24, 48, 72, 96, and 168 h after eccentric exer-
cise. Each marker changed in a time course pattern, as found in 
previous studies. The peak shear modulus showed a moderate 
negative correlation with peak MVC (r = –0.531, P < 0.05) and a 
strong positive correlation with peak UTF (r = 0.707, P < 0.01). 
Our study results revealed a significant relationship between mus-
cle strength, shear modulus measured by ultrasound SWE, and 
titin measured by UTF, as a non-invasive damage marker after 
eccentric exercise to track changes in EIMD. 
 

Key words: Shear wave elastography, stiffness, sarcomere, non-
invasive method, exercise-induced muscle damage. 

 
 
Introduction 
 
Muscle damage often occurs after intense/strenuous exer-
cise, training, or sports. Among them, exercise-induced 
muscle damage (EIMD), including eccentric contraction, 
causes stronger stiff muscles (Murayama et al., 2000) and 
leads to muscle soreness associated with damage to the sar-
comeres and muscle fibers (Howell et al., 1993; Yu et al., 
2003). Consequently, there is a prolonged reduction in 
muscle force (Yamaguchi et al., 2020b). To track changes 
in skeletal muscles due to EIMD, a non-invasive method 
that allows repeated measurements is required. These 
methods are also important for exploring the possibility of 
applying them to field measurements beyond the labora-
tory measurement framework. EIMD-affected muscle fi-
bers are locally damaged (Jang et al., 2018), and proteins 
found in the matrix and mitochondria are triggered by this 
damage and released into the blood (Kanda et al., 2014). 
The concentration of these proteins in the blood can be 
used to objectively measure EIMD, and creatine kinase 
(CK), in particular, has been used in several previous stud-
ies as the most common and sensitive marker (Brancaccio 
et al., 2010; Stožer et al., 2020). However, it has major    
limitations which are as follows: 1) it may pose a physical 

and mental barrier for study participants owing to its inva-
sive nature (Yamaguchi et al., 2020b) and 2) blood samples 
can only be collected by qualified personnel (Kanda et al., 
2017; Yamaguchi et al., 2020c). On the other hand, as a 
non-invasive method to track changes in EIMD, biochem-
ical measurements that can be performed using the urinary 
titin N-terminal fragment (UTF) have recently been devel-
oped (Kanda et al., 2017; Yamaguchi et al., 2020b; Yama-
guchi et al., 2020c). UTF after EIMD is correlated with re-
lated muscle damage indicators (e.g., maximum voluntary 
contraction [MVC] (r = -0.596), range of motion [ROM] (r 
= -0.738), and soreness [SOR] (r = 0.626)) and especially 
with CK (r = 0.966) (Yamaguchi et al., 2020c). In addition, 
it sensitively reflects the repeated bout effect (Yamaguchi 
et al., 2020b) and resolves the considerations and/or limi-
tations mentioned above. Therefore, UTF may also be used 
as an alternative to plasma biomarkers of EIMD. The ap-
plication of UTF in the field of sports science has just be-
gun; for example, the relationship between local changes 
occurring in muscles involved in the production of MVC 
and muscle mechanical property (e.g., muscle stiffness) 
changes related to ROM has not yet been understood. The 
use of UTF, which can directly quantify changes that spe-
cifically occur in EIMD, further deepens the understanding 
of the relationship between related muscle damage mark-
ers, such as muscle force, ROM, and SOR, including CK. 

The mechanical properties of skeletal muscle are 
also vital for understanding muscle function, muscle mor-
phology, and ultimately muscle condition (Murayama et 
al., 2000). Muscle stiffness, one of the mechanical proper-
ties of muscles, is affected by conditions, such as spasms, 
edema, contracture, swelling, and compartment syndrome 
(Inami and Kawakami, 2016), and changes in muscle stiff-
ness greatly depend on EIMD (Murayama et al., 2000). 
Although histological examination of muscle biopsy sam-
ples by determining the number of myofibrillar disruptions 
can accurately quantify local muscle damage, including 
EIMD, (Raastad et al., 2010), it is unlikely to be routinely 
used as the first choice for muscle stiffness. In addition, the 
amount of muscle stiffness can be evaluated by measuring 
the relationship between the joint angle and torque, but this 
measurement is considered to represent both muscle and 
non-muscle, such as tendons and ligaments and does not 
reflect muscle stiffness directly (Inami and Kawakami, 
2016). However, the use of ultrasonic shear wave             
elastography (SWE) to directly measure muscle stiffness 
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has increased in recent years. Muscle shear modulus in 
vivo measured by SWE measurement is used to noninva-
sively analyze hardness distribution of the muscle tissue as 
an index of mechanical property changes in the muscle and 
can be safely used for repetitive measurements (Inami and 
Kawakami, 2016). 

According to Lacourpaille et al. (Lacourpaille et al., 
2014), on investigating the muscle shear modulus (biceps 
brachii and brachialis) of three different elbow joint angles 
(70º, 110º, and 160°) after eccentric exercise, no significant 
differences were observed after 1 h at 70°, and the shear 
modulus of biceps brachii muscles was increased by 46 ± 
25% at 110° and by 72 ± 50% at 160°. The shear modulus 
of the biceps brachii at 160° was significantly higher even 
after 48 h. Hence, the length dependency of changes in the 
muscle mechanical properties was observed. An increase 
in muscle shear modulus due to EIMD that occurs after ec-
centric exercise has also been shown in other studies 
(Lacourpaille et al., 2017; Xu et al., 2019). Increasing the 
sensitivity of muscle fibers to Ca2+ is considered as one rea-
son for changes in muscle shear modulus (Stephenson and 
Wendt, 1984; Balnave and Allen, 1996; Claflin et al., 
1998), which may be due to the involvement of calcium-
dependent physiological processes, such as cross-bridge 
number or titin giant protein (Lacourpaille et al., 2014). 

We hypothesized that the muscle shear modulus 
measured by ultrasound SWE and titin measured by UTF 
after EIMD from eccentric exercises are involved in simi-
lar damage markers used in previous studies (Kanda et al., 
2017; Yamaguchi et al., 2020b; Yamaguchi et al., 2020c), 
such as muscle strength, ROM, and SOR. This study aimed 
to investigate the relationship between the muscle shear 
modulus of the biceps brachii, titin, and other damage 
markers. 
 
Methods 
 
Participants 
Seventeen healthy male participants (age, 22.0 ± 4.7 years; 
height, 1.7 ± 0.43 m; weight, 61.6 ± 4.7 kg) participated in 
this study. The sample size was estimated based on our pre-
vious study using G*Power (G*Power 3.1.9.2; Heinrich-
Heine-Universität Düsseldorf, Düsseldorf, Germany) with 
an effect size of 0.6, α level of 0.05, and power (1 - β) of 
0.80 for a possible correlation between UTF and shear 
modulus, showing that 17 participants were necessary.  

During the month prior to and during the experi-
ment, the patients were requested and cautioned to avoid 
strenuous or unfamiliar exercise, to maintain normal die-
tary and sleeping habits, and not to take anti-inflammatory 
drugs (e.g., non-steroidal anti-inflammatory drugs) or die-
tary supplements (e.g., vitamins, proteins/amino acids). 

They were informed of the nature, aims, and risks 
associated with the experimental procedures before their 
written consent was provided. This study was conducted 
following the principles of the Declaration of Helsinki. The 
present study was approved by the university ethics com-
mittee (21-003). 
 
Experimental design 
The study was conducted over nine days. Before the exper- 

iment, the participants were familiarized with the method 
of muscle strength measurement. On the first day, before 
eccentric exercise, a test session was conducted [PRE], and 
eccentric exercise was performed on the elbow flexor mus-
cles. After eccentric exercise, same test sessions were re-
peated immediately after [POST], and 1 hour [POST-1], 24 
hours [Day 1], 48 hours [Day 2], 72 hours [Day 3], 96 hours 
[Day 4], and 168 hours [Day 7] later. All measurements 
were taken in the same order at each test session [PRE, 
POST, POST-1, Day1–Day7]. 
 

Eccentric exercise 
Participants were seated on an arm-curl bench so that the 
hip was flexed at 85° (0° = full hip extension). As described 
in a previous study (Nosaka and Newton, 2002), during ex-
ercise, participants were tightly secured to the arm-curl 
bench with nonelastic straps. They completed five sets of 
ten eccentric exercises with dumbbells weighing 50% of 
the elbow joint MVC of the left arm measured in the PRE 
session. The elbow joint was extended from 90° to 180° 
(180° = full extension) to the 60-bpm rhythm of the metro-
nome (i.e., extended 90° in 5 s). To ensure that only eccen-
tric actions were performed, the examiner supported the 
participants’ elbow flexion during the concentric phase. 
All actions were repeated every 3 s, and a recovery period 
of 2 min was performed between each set. At this time, to 
prevent active concentric contraction and weakness during 
eccentric contractions, muscle activity was monitored with 
an electromyogram (EMG; DataLITE EMG, Biometrics 
Ltd, Japan) attached to the skin of the biceps brachii. The 
sampling frequency was set to 1000 Hz, and an offline dig-
ital filter was applied with a band-pass filter of 10–450 Hz. 
Surface EMG signals of the biceps brachii muscles were 
recorded during eccentric exercise and muscle strength 
measurements.  
 

Muscle strength [elbow MVC] 
Maximal isometric elbow flexion strength was evaluated 
during 5 s of isometric MVC performed at an elbow angle 
of 90° using a hand-held dynamometer (Mobie, SAKAI 
Medical Co., Ltd. Japan). Two trials were performed, and 
the trial with the highest isometric strength (MVC) was 
considered for further analysis. If the difference between 
the two measurements exceeded 10%, a third measurement 
was taken. 
 

Active ROM 
A semi-permanent marker was used to mark the center of 
the acromion, the lateral epicondyle, and the ulnar styloid. 
The elbow joint angle was photographed in a relaxed and 
flexed state to determine the active ROM, and the angle 
formed between the line connecting the center of the acro-
mion and the lateral epicondyle and that connecting the lat-
eral epicondyle and the ulnar styloid was calculated using 
ImageJ (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 ROM of  
the elbow joint  (Yamaguchi et al., 2020b). 
 

Subjective evaluation 
We measured muscle soreness (SOR) and muscle fatigue 
as subjective evaluation of muscle damage (Nakagawa et 
al., 2018). SOR and muscle fatigue were assessed using a 
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100-mm visual analogue scale (VAS), with 0 indicating no 
pain (or no fatigue) and 100 representing extreme pain (or 
extreme fatigue). SOR was measured when participants ac-
tively extended their arms. Participants were instructed to 
hold their shoulder joints at 90° flexion and elbow joints at 
180° active extension and to mark their levels of perceived 
soreness on the VAS. In muscle fatigue, participants eval-
uated the perception of "difficulty in an active movement 
during elbow joint extension/flexion" in the muscles ac-
cording to the findings of recent studies (Place et al., 2010; 
Shi et al., 2021). 
 

Muscle shear modulus of the biceps brachii muscle 
The shear modulus of the biceps brachii muscle was meas-
ured at 180° elbow joint, 10° shoulder joint extension, and 
30° shoulder joint abduction while lying supine on a bed. 
The ultrasonographic apparatus used an ultrasound shear 
wave scanner in “shear wave” mode coupled with a linear 
array transducer (Aplio 300, Canon Co., Ltd., Japan). The 
ultrasound transducer was placed over the muscle belly of 
the long head of the biceps brachii (i.e., the location of the 
probe was approximately 50% of the upper arm length 
from the acromial process of the scapula to the lateral epi-
condyle of the humerus) (Murayama et al., 2022). Using a 
semi-permanent ink marker, the probe was attached at the 
same location across sessions and days, and the measure-
ment marks were maintained during the experimental pe-
riod. The images were acquired thrice (i.e., three images 
were acquired) after ensuring that the color map and prop-
agation imaging of the shear wave speed was stable for a 
few seconds in the session. When it was uncomfortable to 
fully extend the elbows due to pain, the elbow joint was 
slowly extended and fully extended over time while con-
sulting the participant so that the stretch reflex does not oc-
cur (Murayama et al., 2000). In addition, throughout the 
scanning, care was taken not to press and deform the mus-
cles. The mean shear modulus was calculated over the larg-
est region of interest, from which the aponeurosis and sub-
cutaneous adipose tissues were excluded on reference to B-
mode images. The elastographic images were transferred 
to a computer as bitmap (.bmp) files, calculated and aver-
aged using dedicated software (iElastographic image ana-
lyzer, Takei Scientific Instruments Co., Ltd., Japan), and 
used for further analyses. All measurements and analyses 
of the ultrasonography data were performed by an experi-
enced examiner (>10 years of practice). The shear modulus 
in the resting muscle condition had a coefficient of varia-
tion of 2.0% ± 1.9% and an intraclass correlation coeffi-
cient of 0.965 (P < 0.001). 
 

Titin N-terminal fragment excretion assays 
Approximately 3 ml of urine was collected from each par-
ticipant to measure 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 per a previous study (Yamagu-
chi et al., 2020a). The samples were stored at -20°C for 
later analyses. Thawed urine samples were diluted 1:5–
1:500 so that the diluted samples were within the linear de-
tection range. Diluted samples and standard solutions were 
added to each antibody-coated well of the 96-well micro- 

plates and incubated at 37°C for 60 min. Subsequently, the 
microplates were washed four times with wash buffer, la-
beled 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 five times with the wash 
buffer. Stop solutions were added to each well as the final 
step of the ELISA procedure. Absorbance was measured 
using a microplate reader at the main wavelength of 450 
nm and a sub-wavelength of 650 nm (Thermo Fisher Sci-
entific, Multiskan FC, USA). UTF concentration was cal-
culated using a linear regression model, and urinary creat-
inine levels were estimated using an automated analyzer 
(Bio Majesty JCA-BM8060, JEOL, Japan). UTF values 
were normalized relative to urinary creatine (Cr) (each raw 
data point in urine/Cr concentration) (Maruyama et al., 
2016). The normal range of UTF concentration in the gen-
eral population is 0.9–7.6 pmol/mg/dl (Yamaguchi et al., 
2020b). 
 
Statistical analysis 
Values are expressed as the mean ± SD. The Shapiro–Wilk 
test was used for normal distribution analysis, and the nor-
mal distribution of MVC, ROM, SOR, shear module and 
UTF, but not muscle fatigue, were confirmed. The change 
in time course of muscle fatigue in the eccentric condition 
was compared using the Friedman test, and MVC, ROM, 
SOR, the shear module, and UTF were analyzed by one-
way analysis of variance. Significant differences were 
found by the Bonferroni post hoc test for comparing values 
at different time points. This test indicated a non-normal 
distribution of the UTF data; therefore, a logarithmic trans-
formation (log10) was applied before analysis (Lacour-
paille et al., 2014). The statistical significance level was set 
at p < 0.05. All statistical analyses were performed using 
the IBM SPSS Statistics 28 software package (SPSS, Inc., 
Chicago, IL, USA). 
 
Results 
 
Figure 1, Figure 2 and Figure 3 summarize the changes in 
each muscle damage index at each time point. 
MVC decreased significantly from an initial value of 18.6 
± 2.9 kgf to 9.6 ± 3.3 kgf (51.4 % from baseline) immedi-
ately after exercise and remained significantly lower than 
baseline until 168 hours after exercise (Figure 1a). ROM 
significantly decreased from an initial value of 163.4 ± 5.2° 
to 155.4 ± 8.5° (77.4 % from baseline) immediately after 
exercise and remained significantly lower than baseline un-
til 168 h after exercise (Figure 1b). Pain on elbow exten-
sion (SOR) was significantly higher immediately after and 
24 - 96 h after exercise than at baseline (Figure 1c). Shear 
modulus significantly increased from an initial value of 
46.6 ± 8.8 kPa to 92.3 ± 27.3 kPa (198.9 % from baseline) 
48 h after exercise and decreased until full recovery at 168 
h after exercise (Figure 2). UTF increased significantly 
from an initial value of 2.2 ± 1.2 pmol/mg/dl to 151.3 ± 
178.7 pmol/mg/dl 96 h after exercise and remained signif-
icantly higher than baseline until 168 hours after exercise 
(Figure 3).  
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Figure 1. Changes in (a) maximum voluntary contraction [MVC], (b) range of motion [ROM], (c) soreness [SOR], and 
(d) muscle fatigue. The values for each time course were significantly different from those before the first session [PRE] (***p < 0.001, **p 
< 0.01, *p < 0.05). 

 
 

 

 
 

 
 

Figure 2. Changes in shear modulus (normalized change from 
baseline (%)). The values for each time course were significantly dif-
ferent from those before the first session [PRE] (***p < 0.001, *p < 0.05). 
 

Figure 4 and Table 1 presented the correlation coef-
ficients between the peaks of the muscle damage indices 
after eccentric exercise. Peak shear modulus showed a 
moderate negative correlation with peak MVC (ρ = -0.531; 

P < 0.05) and a strong positive correlation with peak UTF 
(ρ = 0.648; P < 0.01). Peak UTF showed a moderate nega-
tive correlation with peak ROM (ρ = -0.504; P < 0.05) and 
a strong negative correlation with peak MVC (ρ = -0.751; 
P < 0.01). 
 

 

 
 

Figure 3. Changes in urinary titin N-terminal fragment 
[UTF]. The values for each time course were significantly different from 
those before the first session [PRE] (***p < 0.001, **p < 0.01, *p < 0.05).
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Figure 4. Correlation coefficients between damage markers. The relationship between (a) peak maximum voluntary 
contraction (MVC) and peak shear modulus, (b) peak MVC and peak logarithmically transformed urinary titin N-
terminal fragment (UTF log), (c) peak range of motion (ROM) and peak UTF log, and (d) peak shear modulus and peak 
UTF log. **p < 0.01, *p < 0.05. 

 
                          Table 1. Correlation coefficients between peak value of damage markers.  

 ROM MVC Soreness Shear modulus Urinary Titin 
ROM 1.000     
MVC 0.686** 1.000    
Soreness 0.019 -0.159 1.000   
Shear modulus -0.417 -0.531* 0.314 1.000  
Urinary Titin -0.504* -0.750** 0.490 0.707** 1.000 

                 * *p < 0.01, *p < 0.05. 

 
As shown in Table 2, after eccentric exercise, there 

was a negative correlation between UTF and ROM at 24 (r 
= -0.516, P < 0.05), 48 (r = -0.493, P < 0.05), 72 (r = -0.581, 
P < 0.05), and 96 hours (r = -0.610, P < 0.01); between UTF 
and MVC at 24 (r = -0.745, P < 0.01), 48 (r = -0.757, P < 
0.01), 72 (r = -0.831, P < 0.01), 96 (r = -0.824, P < 0.01), 
and 168 hours (r = -0.772, P < 0.01). There was a positive 
correlation between UTF and SOR at 72 (r = 0.642, P < 
0.01), 96 (r = 0.713, P < 0.01), and 168 hours (r = 0.622, P 
< 0.01); between UTF and muscle fatigue at 48 (ρ = 0.571, 
P < 0.05), 72 (ρ = 0.715, P < 0.01), 96 (ρ = 0.756, P < 0.01), 

and 168 hours (r = 0.490, P < 0.05); and between UTF and 
shear modulus at 24 (r = 0.495, P < 0.05), 48 (r = 0.525, P 
< 0.05), 72 (r = 0.686, P < 0.01), and 96 hours (r = 0.602, 
P < 0.05). As shown in Table 2, after eccentric exercise, 
there was a negative correlation between shear modulus 
and ROM at 72 (r = -0.672, P < 0.01) and 96 hours (r = -
0.552, P < 0.05); and between shear modulus and MVC at 
24 (r = -0.642, P < 0.01), 48 (r = -0.640, P < 0.01) 72 (r = 
-0.716, P < 0.01), and 96 hours (r = -0.645, P < 0.01). There 
was a positive correlation between shear modulus and SOR 
at 72 hours (r = 0.605, P < 0.01). 
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     Table 2. Correlation coefficients between each time point of damage markers.  
 Urinary titin 
 pre post 1h 24h 48h 72h 96h 168h 
ROM 0.186 -0.348 -0.220 -0.516* -0.493* -0.581* -0.610** -0.113 
MVC -0.452 -0.410 -0.465 -0.745** -0.757** -0.831** -0.824** -0.772** 
Soreness 0.000 0.135 -0.127 0.299 0.424 0.642** 0.713** 0.622** 
Shear modulus -0.292 -0.118 -0.029 0.495* 0.525* 0.686** 0.602* 0.056 
 Shear modulus 
ROM -0.042 -0.373 -0.368 -0.312 -0.387 -0.672** -0.552* -0.140 
MVC 0.101 -0.379 -0.346 -0.642** -0.640** -0.716** -0.645** -0.091 
Soreness 0.000 0.396 0.097 -0.012 0.230 0.605* 0.472 0.070 
Urinary titin -0.292 -0.118 -0.029 0.495* 0.525* 0.686** 0.602* 0.056 

       **p < 0.01, *p < 0.05 
 
Discussion 
 
This study was conducted based on the hypothesis that the 
muscle shear modulus measured by ultrasound SWE and 
titin measured by UTF after EIMD that occurs during ec-
centric exercises are involved in damage markers similar 
to those used in previous studies (Kanda et al., 2017; Ya-
maguchi et al., 2020b; Yamaguchi et al., 2020c). The re-
sults revealed that shear modulus showed a significant re-
lationship between muscle strength and titin content, 
thereby supporting our hypothesis. 

In this study, dumbbell exercise was used for eccen-
tric exercise. According to a previous study (Damas et al., 
2016), the degree of EIMD associated with eccentric exer-
cise strongly appears in the amount of change in MVC. In 
the exercise task of this study, as described in a previous 
study (Nosaka and Newton, 2002), participants were 
tightly secured to the arm-curl bench with nonelastic straps 
during exercise, and MVC decreased by 48.6% immedi-
ately after the exercise task. This change was similar to that 
reported in previous studies using dumbbell exercise to in-
duce muscle damage (Chen et al., 2007; Lavender and 
Nosaka, 2006b), and no participants dropped out of the 
study or reported adverse events. In addition, ROM was 
most restricted immediately after eccentric exercise, and 
SOR peaked after 48 h of eccentric exercise; these were 
also supported by the results of previous studies (Yamagu-
chi et al., 2020a; Yamaguchi et al., 2020b; Yamaguchi et 
al., 2020c). These results suggested that the exercise task 
used in this study was appropriate. 

The shear modulus, as an index of stiffness, in-
creased over time and peaked at 48 h. Although there was 
a slight difference in the time course change when the peak 
was shown, such as immediately after eccentric exercise or 
after 48 hours, depending on the difference in experimental 
settings (different elbow joint angle and/or eccentric exer-
cise load, etc.), some studies (Lacourpaille et al., 2014; 
Lacourpaille et al., 2017; Xu et al., 2019) have acknowl-
edged that shear modulus measured by SWE increases af-
ter eccentric exercise. In detail, the peak value of the shear 
modulus in this study was approximately twice that of the 
resting muscle shear modulus (46.6 kPa to 92.3 kPa), and 
this change was slightly greater than in the study by 
Lacourpaille et al. (Lacourpaille et al., 2014), who per-
formed eccentric exercises on the biceps brachii (1.7-fold 
increase: 16.8 kPa to 29.6 kPa). One of the causes for this 
is the measured joint angle (i.e., muscle fiber length) asso-
ciated with the muscle. Chen et al. (Chen et al., 2017) and 

Eby et al. (Eby et al., 2015) also stated that stiffness is af-
fected by muscle fiber length. Lacourpaille et al. (Lacour- 
paille et al., 2014) had measured the elbow joints at 70°, 
110°, and 160°, and the higher values in this study (elbow 
joint angle 180° and different positions such as the shoul-
der joint) were because of muscle fiber length on target 
muscle. 

UTF increased after eccentric exercise and peaked 
at 96 h. This pattern of time course change, amount of 
change, and range of values supports our previous results 
(Yamaguchi et al., 2020c). Intense eccentric contractions 
strain individual muscle fibers, 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, myofibrils are further degraded by 
proteases (Yu et al., 2003). Calpain 3, a protease, is ex-
pressed primarily in skeletal muscle and exists in associa-
tion with titin (Ono et al., 2016). Calpain 3 has been re-
ported to specifically cleave and degrade titin, and this phe-
nomenon has been confirmed to induce muscle damage af-
ter eccentric contraction (Raastad et al., 2010) The delayed 
peak of UTF is considered to be strongly influenced by this 
degrading enzyme, calpain. 

In addition, peak UTF measured in this study 
showed a high correlation between peak MVC and peak 
ROM, which is consistent with a previous study (Yamagu-
chi et al., 2020a). These results showed that EIMD was in-
duced by eccentric contraction (Lavender and Nosaka, 
2006a) and that UTF was specifically responsive to EIMD. 
Regarding the relationship between indicators, peak UTF 
showed a high correlation with peak shear modulus. Titin 
is a sarcomere constituent protein that mainly supports the 
contraction of actin and myosin filaments in the fiber di-
rection (longitudinal direction) by eccentric contraction 
(exercise). Also, As the structure of skeletal muscle, shear 
modulus (stiffness) measured by SWE has been defined as 
stiffness in the fiber direction (longitudinal direction) of the 
muscle, which is the same direction as muscle contraction 
including eccentric exercise (Inami and Kawakami, 2016). 
As one of the factors affecting the change in stiffness after 
eccentric exercise, increased sensitivity of muscle fibers to 
Ca2+ may be due to the involvement of calcium-dependent 
physiological processes, such as cross-bridge number or 
titin giant protein (Stephenson and Wendt, 1984; Balnave 
and Allen, 1996; Claflin et al., 1998). It is speculated that 
titin filaments are damaged by eccentric exercise and that 
the  unstable  sarcomere  improves  stiffness by shortening  
the cross-bridge between actin and myosin. 
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Although the present study strongly suggests that 
titin is involved in the change in stiffness after eccentric 
exercise and demonstrates the speculation of previous stud-
ies (Stephenson and Wendt, 1984; Balnave and Allen, 
1996; Claflin et al., 1998; Lacourpaille et al., 2014), there 
is a lack of microscopic knowledge to understand the de-
tailed physiological relationship between the two. If this is 
the case, the relationship between the shear modulus and 
titin should also show a stronger correlation; however, the 
correlation coefficient is 0.648. The participants in this 
study performed eccentric exercises on the elbow flexor 
muscles using a dumbbell; however, only the stiffness of 
the biceps brachii could be evaluated. This was a limitation 
of this study. If the stiffness of all muscles that contribute 
to elbow flexion, including the brachialis and forearm flex-
ion muscles, were evaluated and integrated, a better corre-
lation could have been found. Our study suggested that 
shear modulus and titin are strongly related, but further 
studies are required to comprehensively examine the dif-
ferences in physiological processes of stiffness and giant 
titin, including the differences in time course change (peak 
at 48 and 96 hours after eccentric exercise, respectively). 

As one mechanism, the sarcoplasmic reticulum is 
connected to the T-tubule system by junctophilin and is 
damaged by high-intensity eccentric exercise (Allen et al., 
2005). Damage to the sarcoplasmic reticulum leads to high 
concentrations of Ca2+ in myofibers and activation of cal-
pain 3. Calpain 3 is a Ca2+-activated protease found in the 
Z-region of skeletal muscles that cleaves cytoskeletal pro-
teins, such as titin, desmin, vimentin, and α-actinin (Huang 
and Zhu, 2016). Therefore, it is likely that UTF in this 
study was catabolized by calpain and deviated into the 
urine. In addition, titin, a metabolite excreted due to me-
chanical stimulation locally generated intramuscularly by 
eccentric exercise, may be explained by the time difference 
until it could be excreted into the urine via the lymph and 
blood vessels. In any case, the hypothesis of this study is 
supported, and this is the first study to substantiate the 
speculation stated in the previous studies (Stephenson and 
Wendt, 1984; Balnave and Allen, 1996; Claflin et al., 1998; 
Lacourpaille et al., 2014). 

A significant positive correlation was observed be-
tween UTF and muscle fatigue at 48 to 168 hours. The 
muscle fatigue in this study evaluated the subjective mus-
cle fatigue that participants evaluated through the percep-
tion of dullness in the muscles. The condition of tension 
reduction induced by movements of the degree of daily ac-
tivities (low frequency stimulation) and the threshold re-
duction of subjective fatigue caused by tension reduction is 
called low frequency fatigue (Place et al., 2010). Accord-
ing to Place et al., (Place et al., 2010), the mechanism of 
low-frequency fatigue is a decrease in Ca2+ sensitivity of 
myofibrils or a decrease in Ca2+ release/control function of 
sarcoplasmic reticulum, and is considered to occur mainly 
in muscle tissue rather than in the middle nervous system 
(Balog, 2010). On the other hand, it has been reported that 
titin is decomposed by calpain as described above. In cal-
pain, sarcoplasmic reticulum is disrupted by secondary in-
flammation occurring after 24 hours of intense eccentric 
exercise, and Ca2+ is excessively released into muscle cells. 
It is activated by being active and becomes a major cause 

of metabolic degradation of titin (Stožer et al., 2020). 
Therefore, the reason for a strong positive correlation be-
tween muscle fatigue and UTF after 48 hours is suggested 
as the low-frequency fatigue and titin degradation that may 
have been triggered by a similar mechanism (sarcoplasmic 
reticulum breakdown due to secondary inflammation). 

Although this study found a strong correlation pri-
marily between SWE and UTF, at least two study groups 
need to be formed, treated differently, and ultimately com-
pared on the effects of interest to reach clear causal conclu-
sions. In addition, although the present results are limited 
to a correlation analysis between non-invasive measure-
ments, it is necessary to conduct a detailed analysis using 
invasive measurements such as muscle biopsy to investi-
gate the relationship between the two with a detailed un-
derstanding of the condition of muscle tissue after eccen-
tric exercise in the future. Also, both methods used in this 
study are non-invasive tools for grasping the condition of 
skeletal muscle, but the ultrasonic device equipped with the 
SWE function is still expensive, and its portability is lim-
ited. In addition, the analysis of titin is not immediate at 
present; therefore, further simplification is expected. How-
ever, if the development of a highly portable and highly 
immediacy analysis method using the relationship between 
the indicators clarified in this study progresses in the fu-
ture, trainers and therapists can determine the athlete's ob-
jective situation, and this may aid in the prevention of 
sports injuries. 
 
Conclusion 
 
Our study results revealed a significant relationship be-
tween muscle strength, shear modulus measured by ultra-
sound SWE, and titin measured by UTF, as a non-invasive 
damage marker after eccentric exercise to track changes in 
EIMD. 
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Key points 
 

 This study was investigated based on the hypothesis that the 
shear modulus measured by ultrasound shear wave elas-
tography of biceps brachii muscle and urinary titin N-termi-
nal fragment (UTF) after eccentric exercise that occurs dur-
ing eccentric exercises are involved in damage markers sim-
ilar to those used in previous studies. 

 The results revealed that shear modulus showed a signifi-
cant relationship between muscle strength and titin content. 

 The relationship between shear modulus as an index of stiff-
ness and titin measured by UTF will be useful for observing 
changes in skeletal muscle condition that result from high-
intensity training and games/practices in the field of sports 
competition. 
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