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Young’s Modulus of Bilateral Infraspinatus Tendon
Measured in Different Postures by Shear Wave

Elastography Before and After Exercise
Menglei Yu1 , Jiayi Wu2, Jingyi Hou1, Yiyong Tang3, Fangqi Li1, Chuanhai Zhou, Qingyue Li1, Yi Long1, Congda Zhang1,

Yuanhao Zhang1, Yamuhanmode Alike1 , Bing Ou2, Rui Yang1

Department of 1Sport Medicine and 2Ultrasound, Sun Yat-sen Memorial Hospital of Sun Yat-sen University, Guangzhou and 3Department of
Orthopedics, The Eighth Affiliated Hospital, Sun Yat-sen University, Shenzhen, China

Objective: To investigate the Young’s modulus value of infraspinatus tendons using shear wave elastography (SWE)
technique in normal adults, and to analyze the influence of gender, postures, exercise, and dominant side on Young’s
modulus of infraspinatus tendons.

Methods: This is a prospective cross-sectional study. From January 2019 to July 2020, 14 healthy subjects were identi-
fied, including seven males and seven females aged between 24 to 34, with a mean age of 27.67 � 3.08 years. The
Young’s modulus of their infraspinatus tendons was measured by two operators using SWE in neutral and maximum exter-
nal rotation positions of both sides before exercise and the dominant side after exercise. The Young’s modulus values in
different sexes, different postures, before vs after exercise, and dominant vs non-dominant side were statistically analyzed.

Results: All 14 subjects completed the data collection process. The mean Young’s modulus values of infraspinatus
tendon for dominant sides in neutral position were 33.04 � 3.01 kPa for males and 28.76 � 3.09 kPa for females.
And for non-dominant sides in the neutral position, the values were 33.02 � 2.38 kPa for males and
28.86 � 2.47 kPa for females. In the maximum external rotation position, the values for dominant sides were
50.19 � 4.86 kPa for males and 42.79 � 4.44 kPa for females, and for non-dominant sides were 50.95 � 3.24 kPa
for males and 42.42 � 3.66 kPa for females. After exercise, the mean Young’s modulus values of infraspinatus ten-
don for dominant sides in neutral position were 54.56 � 3.76 kPa for males and 46.66 � 5.99 kPa for females. And
for the maximum external rotation position, the values were 59.13 � 3.78 kPa for males and 54.49 � 5.67 kPa for
females. The Young’s modulus of infraspinatus tendon in the neutral and maximum external rotation positions showed
statistically significant differences in males and females, as well as before and after exercise (P < 0.05). However,
the difference in Young’s modulus between the dominant and non-dominant sides was not statistically significant
(P > 0.05). Intergroup reliability between both operators was excellent (ICC > 0.85).

Conclusion: There are gender-related differences and post-exercise increase in Young’s modulus, yet such a differ-
ence cannot be witnessed between the dominant and non-dominant sides.
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Introduction

Shear Wave Elastography (SWE) is one of the new func-
tional ultrasound techniques developed in recent years,

which is the only test method that can objectively and quan-
titatively evaluate the Young’s modulus1,2. At the same time,
Young’s modulus is a parameter commonly used in the
expression of tissue elasticity3,4. The elasticity of tissue is
often closely related to its functional state, and the detection
of Young’s modulus of tissue carries important clinical sig-
nificance5–7. Using the acoustic radiation force of focused
ultrasound beams, the supersonic shear imaging (SSI) tech-
nique generates shear waves. Using ultrafast ultrasound
imaging, the shear wave propagation is measured, typically
1000 of frames per second. Then shear wave velocity (V) is
measured on the acquired shear wave propagation movie. By
considering the medium as elastic and homogeneous, the
shear modulus (μ) given in kPa is deduced using the equa-
tion: μ = ρV2, where ρ is the density (assuming ρ = 1000 kg
m−3)2. Several studies have shown the SWE could be used to
evaluate the normal and various traumatic and pathologic
conditions of the tendons, muscles, peripheral nerves,
ligament,s and joints, as well as a few soft-tissue and bone
masses or mass-like conditions4. And the SWE technique
has been shown to provide reliable measurements of Young’s
modulus in a variety of resting muscles8 and has also pro-
vided evidence of a strong linear relationship between muscle
Young’s modulus and muscle activity or electromyography
activity levels 9–11.

Recently, SWE has been used to assess the mechanical
properties of the tendon in healthy volunteers12,13. Prior
studies have identified a strong linear relationship between
passive muscle tension and the shear elastic modulus mea-
sured by SWE in vitro4,14,15, and SWE has been utilized in
many studies of skeletal muscle stretching16–19. However, as
far as we are aware, no one else has focused on the Young’s
modulus measurement on shoulder tendon with SWE.

The shoulder is the most flexible joint in the human
body. The mechanical properties of soft tissue structures
around the shoulder joint are very important for its function.
For example, patients with frozen shoulder, which is charac-
terized by significant restriction of both active and passive
shoulder motion, typically experience insidious shoulder
stiffness. The infraspinatus tendon is one of the most impor-
tant tendons around the shoulder, and its primary function
is to rotate the shoulder joint externally. The chronic strain
is one of the critical causes of soft tissue injury and changes
in tendon, and Young’s modulus affects its elasticity to a cer-
tain extent. In some disease states, the strength of the sup-
raspinatus tendon can increase significantly, such as frozen
shoulder20. The infraspinatus tendon is the shallowest part of
the rotator cuff and is not easily obscured by other bony
structures, which makes it easier to measure its Young’s
modulus using SWE compared with the supraspinatus and
subscapular muscle. Previous studies showed that the tech-
nology of SWE could be applied to detect the Young’s modu-
lus value of a normal infraspinatus tendon and its fat18,20,21.

Therefore, it is indispensable to utilize a testing device to
perform an objective evaluation of Young’s modulus of mus-
cle and tendon on the shoulder joint.

Short-term exercise can cause muscle and tendon
fatigue, but regular and long-term exercise increases muscle
and tendon inducing long-lasting adaptations22. Exercise
leads to changes in the Young’s modulus of muscle tendons,
which in turn affects their function. Therefore, choosing the
right intensity and duration of exercise is very important to
achieve the purpose of exercise and avoid sports injuries.
Monitoring the Young’s modulus of muscles and tendons is
a good indicator of judgment.

At the same time, the difference in tendon between
males and females has long been a concern. It is generally
believed that male tendon tissue has stronger toughness than
female tendon tissue and can withstand greater pulling
force23,24. And the properties of the dominant and non-
dominant tendons are also generally considered to be differ-
ent. Previous studies have found that numerous advantages
of the dominant limb in the generation of motor output,
including increased strength, rate, and consistency of move-
ment25, but there is also a lack of quantitative and effective
parameters to help further study.

For these reasons mentioned above, we have tried to
explore the use of SWE to measure Young’s modulus of tis-
sue, compare differences between the sexes, and guide exer-
cise. Taking advantage of this unique technique, the
purposes of this study were to attempt to: (i) measure the
Young’s modulus values of the infraspinatus tendon in nor-
mal adults; (ii) explore the influence of gender, body posi-
tion, exercise, and side dominance on the Young’s modulus
values at a preliminary stage; (iii) discuss the possibility of
using SWE to monitor the Young’s modulus of infraspinatus
tendon in exercise.

Patients and Methods

Patients
This study was designed as a prospective cross-sectional
study. The schematic diagram of the data collection was
shown in Fig. 1. Fourteen graduate volunteers of good health
were selected randomly from our hospital from January 2019
to July 2020, including seven males and seven females aged
between 24 to 34, with a mean age of 27.67 � 3.08 years. All
subjects were enrolled through hospital recruitment and vol-
untary registration. The study conformed with the Helsinki
II Declaration, and all subjects gave written informed con-
sent to participate. The study was approved by the Ethics
Committee of Sun Yat-sen Memorial Hospital of Sun Yat-
sen University (ID: SYSEC-KY-KS-2020-054). All subjects
provided written informed consent prior to the experiment
and confirmed that they complied with the inclusion criteria
as follows: age ranging from 18 to 35. Exclusion criteria were
as follows: (i) have difficulty in target tendon measurement;
(ii) have taken muscle relaxation drugs within half a month;
(iii) have participated in competitions that required intense
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shoulder joint movement within half a month; (iv) have been
pregnant or unable to sit still for 10 minutes; (v) rotated the
shoulder joint externally less than 45º; (vi) inability to com-
plete the shoulder joint load movement required by the
study; (vii) there was shoulder injury or pain within
3 months. General information of the participants was
shown in Table 1. Examinations were performed by two
independent operators after consistency training.

Radiologists and Instrumentation
Two radiologists (Y. M. and W. J.), both with more than
5 years of clinical experience, independently measured the
Young’s modulus of infraspinatus tendons using the same
technique after consistency training. The radiologists were
asked to evaluate the Young’s modulus of each infraspinatus
tendon. The Young’s modulus was measured by using the

Aixplorer US system (SuperSonic Imagine, Aix-en-Provence,
France) with a 4–15 MHz linear transducer.

Methodology

Data Collection Before Exercise
After scanning the shoulder joint with conventional ultrasound,
the examinee was instructed to keep their shoulder joints natu-
rally drooped, relaxed, and not exert any force (neutral position,
Fig. 2A). Then active external rotation was adopted and was
kept fixed and stable at 45º (external rotatory position, Fig. 2B).
During the measurement, the examinee was asked to adopt a
sitting position with straightened chest and head, back
supported and turned to the examiner, while keeping head and
body parallel, and looking straight ahead (Fig. 2C). The Young’s
modulus values of the infraspinatus tendon were measured with
SWE in both dominant and non-dominant sides.

Key Details During Data Collection
The probe should be gently placed on the shoulder of the
patient, and the examiner’s hand should exert as little pressure
on the skin of the examined area as possible, in order to reduce
the effect of external pressure on the shear wave value of the
infraspinatus tendon. The Young’s modulus display was default
at 60 kPa, and the probe was placed in line with the
infraspinatus tendon fiber. The acoustic beam plane was per-
pendicular to the tendon surface, and the anisotropic pseudo-

Fig. 1 A graph depicting schematic

diagram of the data collection: Firstly,

Young’s modulus values of subjects’

dominant/non-dominant sides were

examined both in neutral/external

rotatory positions. Then the subjects

carried out load motion tests with

their dominant shoulders. And

Young’s modulus values in both the

neutral and external rotatory positions

were immediately measured.

TABLE 1 Demographic data of participants

Characteristic Male (N = 7)* Female (N = 7)* P value

Age, y 26.57 � 2.37 26.86 � 2.04 0.322
Height, m 1.68 � 0.08 1.61 � 0.03 <0.001
Weight, kg 66.43 � 12.49 49.86 � 6.31 <0.001
BMI, kg/m2 23.27 � 3.05 19.17 � 2.42 <0.001

*Mean � SD, SD, Standard Deviation.
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image of the tendon was excluded to display the infraspinatus
tendon fiber clearly26. The size of the sampling box was set to
2 cm × 1 cm in the SWE program. After the image was stabi-
lized (color stabilized in the frame), the image was frozen, and
the Young’s modulus of the infraspinatus tendon was mea-
sured. The location that was 2 cm away from the attachment
point of the infraspinatus tendon was selected. Each sampling
site was measured three times, and the mean value of the
Young’s modulus (E mean) was calculated and recorded.

Data Collection After Exercise
After the rest position test, the subjects carried out load
motion tests with their dominant shoulder joints. The sub-
jects were in left lateral decubitus on the examination bed,
holding a 2 kg dumbbell in their dominant hand. They per-
formed reciprocating motion involving the neutral position
(Fig. 2D) and external rotation position (Fig. 2E) 30 times in
1 minute and then take a 30-second break for five cycles.
The shear wave values of the tendons in both the neutral
and external rotatory positions were immediately measured
with three repetitions and calculation of mean value.

Statistical Analysis
All measured data were analyzed with the SPSS Statistics
software (version 22; IBM, Armonk, NY, USA), and the sam-
ple size was calculated with PASS 15 software (NCSS,
Kaysville, UT) and expressed in terms of Mean � SD. Inde-
pendent sample t-tests were used to compare the differences
in Young’s modulus values between groups. Differences were
considered statistically significant when P < 0.05. Intra-rater
and inter-rater reliability were assessed by the intraclass cor-
relation coefficient (ICC). An ICC value of 0 means not
trusted, and 1 means fully trusted. It is generally believed
that ICC lower than 0.4 indicates poor reliability, while
greater than 0.75 indicates good reliability.

Results

Patients’ Demographics
At last, all 14 subjects (seven males and seven females) com-
pleted the data collection process according to the experi-
mental design requirements as described in the previous
section. There was a significant difference in height, weight,

A

D E

B C

Fig. 2 (A–C) depicting one example of the examinee’s and the subject’s posture and position for the measurement of the infraspinatus muscle shear

modulus. This test was conducted on a 21-year-old male volunteer. A: Neutral position; B: Maximum external rotation; C: Posture and position of the

doctor and the subject. (D, E) depicting one participant carrying out load motion of shoulder on the dominant side.
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and BMI (P < 0.001, Table 1), but there was not a significant
difference in age (P = 0.322, Table 1). During the enrollment,
however, there was a volunteer with a height of 191 cm,
which yielded a BMI value of 28.78, leading to the inability
of the shear wave to fill the sample frame in the process of
shear wave measurement. The patient had to be excluded.

Consistency Analysis
The real-time data of Young’s modulus for infraspinatus ten-
don before and after movement were obtained at the neutral
and external rotatory position. Both examiners had mastered
similar operational skills from unified training prior to this
study, which yielded excellent intergroup reliability between
the two examiners with an intraclass correlation coefficient
(ICC) greater than 0.85. The intraclass correlation coeffi-
cients (ICC) were excellent for the Young’s modulus. The
intra-rater ICC for the Young’s modulus was 0.972 (95%
confidence interval [CI], 0.957–0.982), while the inter-rater
ICC for the Young’s modulus was 0.963 (95% CI, 0.944–
0.976). And the line chart of Young’s modulus values mea-
sured by two examiners also proved that the results mea-
sured by two examiners maintain consistency, and this
measurement is repeatable (Fig. 3).

Young’s Modulus Values in Dominant/Non-Dominant
Side and Neutral/External Rotatory Position
The mean Young’s modulus values of infraspinatus tendon
for dominant sides in neutral position were 33.04 � 3.01 kPa
for males and 28.76 � 3.09 kPa for females (females were
14.87% lower than males). And for non-dominant sides in
the neutral position, the values were 33.02 � 2.38 kPa for
males and 28.86 � 2.47 kPa for females (females were
14.41% lower than males). In the maximum external rotation
position, the values for dominant sides were
50.19 � 4.86 kPa for males and 42.79 � 4.44 kPa for females
(females were 17.29% lower than males), and for non-
dominant sides were 50.95 � 3.24 kPa for males and
42.42 � 3.66 kPa for females (females were 20.11% lower
than males). For males, the mean Young’s modulus values of
infraspinatus tendon at maximum external rotation position
were 51.91% higher than neutral position, and for females
the mean Young’s modulus values increased by 48.78%. The
difference between males and females at neutral position and
maximum external rotation position was statistically signifi-
cant for both sides (P < 0.05, Table 2). However, there were
no significant differences between the Young’s modulus on
the dominant compared with the non-dominant side in both
the neutral position and maximum external rotation position
(P > 0.05, Table 2).

Young’s Modulus Values Before and After Exercise
After exercise, the mean Young’s modulus values of
infraspinatus tendon for dominant sides for males were
54.56 � 3.76 kPa in neutral position and 59.13 � 3.78 kPa in
maximum external rotation position (neutral position were
8.38% lower than maximum external rotation position). And

for females, the values were 46.66 � 5.99 kPa in neutral posi-
tion and 54.49 � 5.67 kPa in the maximum external rotation
position (neutral position were 16.78% lower than maximum
external rotation position). For males, the mean Young’s
modulus values of infraspinatus tendon at neutral position
were 65.13% higher than before exercise, and at maximum
external rotation position, the mean Young’s modulus values
were 17.81% higher than before exercise. For females, the
mean Young’s modulus values of infraspinatus tendon at
neutral position were 62.24% higher than before exercise,
and at maximum external rotation position, the mean
Young’s modulus values were 27.34% higher than before
exercise (Table 3). There were significant differences between
before and after exercise in the Young’s modulus of the
infraspinatus tendon at both positions (P < 0.05, Table 3).
No matter before or after exercise, there were significant dif-
ferences between neutral and maximum external rotation
position (P < 0.05, Table 3). A scatter plot of Young’s modu-
lus data was shown in Fig. 4 and one subject’s SWE images
were shown in Fig. 5.

Discussion

SWE is an ultrasonic elastography technique that utilizes
shear waves to quantitatively measure Young’s modulus

of tissue, which is unique among current imaging techniques,
especially in assessing diseases of the skeletal muscle sys-
tem27. It possesses the advantages of being non-invasive and
affordable, in addition to providing a real-time and dynamic
evaluation. The traditional method used by orthopaedic sur-
geons to evaluate Young’s modulus of tissue is usually sub-
jective and imprecise and is often carried out during surgery.
SWE can achieve the same quantitative objective by being
non-invasive, making it potentially useful for preoperative
and postoperative evaluation, rehabilitation guidance, and so
on. Therefore, more and more attention has been paid to its
application in the musculoskeletal system27–29.

Because the shoulder joint is coordinated by the most
complex dynamic muscle-tendon structure in the whole
body with a relatively shallow position, the application of
SWE in the shoulder joint has a good prospect in the evalua-
tion of Young’s modulus of soft tissue30. Baumer et al. evalu-
ated the supraspinatus muscle both in healthy subjects and
patients suffering from rotator cuff injury with SWE31.
Meanwhile, Leong et al. used SWE to evaluate the Young’s
modulus of the superior trapezius muscle in healthy athletes
and athletes with rotator cuff tendinopathy, and their results
showed a higher shear wave Young’s modulus of the superior
trapezius muscle in athletes with the disease compared with
those in asymptomatic athletes32. Takenaga et al. applied
SWE to measure the elasticity of the posterior shoulder cap-
sule among college baseball players, proposing it as a novel
method to analyze the under rotation of the humerus33.
Moreover, Hou et al. utilized SWE as a mode to evaluate the
rotator cuff tendon and discovered the decrease of Young’s
modulus of rotator cuff in patients with rotator cuff tendon-
itis34. Besides that, SWE was also applied by Umehara et al.
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TABLE 2 Mean and standard deviation for the Young’s modulus of infraspinatus measured during passive arm positioning at different posi-
tions (Mean � SD) kPa

Gender

Neutral position Maximum external rotation

Dominant side Non-dominant side P value Dominant side Non-dominant side P value

Male 33.04 � 3.01 33.02 � 2.38 0.988 50.19 � 4.86 50.95 � 3.24 0.736
Female 28.76 � 3.09 28.86 � 2.47 0.947 42.79 � 4.44 42.42 � 3.66 0.867
Difference (%) 14.87 14.41 17.29 20.11
P value 0.022 0.008 0.012 0.001

SD, Standard Deviation.

TABLE 3 Comparison of the Young’s modulus values in different positions after exercise between males and females at the dominant side
(Mean � SD) kPa

Before and after
exercise

Male Female

Neutral
position

Maximum external
rotation

Difference
(%) P value

Neutral
position

Maximum external
rotation

Difference
(%) P value

Before exercise 33.04 � 3.01 50.19 � 4.86 51.91 <0.01 28.76 � 3.09 42.79 � 4.44 48.78 <0.01
After exercise 54.56 � 3.76 59.13 � 3.78 8.38 0.042 46.66 � 5.99 54.49 � 5.67 16.78 0.027
Difference (%) 65.13 17.81 62.24 27.34
P value <0.001 0.002 <0.001 0.001

SD, Standard Deviation

Fig. 3 Line chart of Young’s modulus values measured by two testers. Two radiologists independently measured Young’s modulus of the

infraspinatus tendon in six states of 14 patients. Each participant measured a total of 84 values, and the corresponding points of each value were

linked together to produce a broken line. The two broken lines show the consistency of the two subjects’ measurements.
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to assess the effect of different shoulder joint exercises on the
Young’s modulus of the pectoralis minor muscle. They con-
firmed that both 90º and 150º horizontal abduction of the
shoulder are the most effective stretching positions of the
pectoralis minor muscle.

At present, there are a few published studies on
Young’s modulus testing in the supraspinatus muscle by
SWE. Kusano et al. measured the Young’s modulus of the
infraspinatus muscle in 20 healthy men with the help of
SWE and discovered that extension and internal rotation of
the shoulder could effectively reduce the Young’s modulus of
the infraspinatus muscle18. Seong Jong Yun et al. used SWE
to compare the Young’s modulus of the supraspinatus ten-
don (SST) and the infraspinatus tendon (IST) in patients
with idiopathic adhesive capsulitis of the shoulder and dis-
covered that the Young’s modulus of both the SST and IST
were higher in ACS patients than in healthy people20. Addi-
tionally, they also evaluated the relationship between Young’s
modulus in tissue and age.

Our preliminary study showed that the differences
between the Young’s modulus of the infraspinatus tendons
both in men and women were statistically significant for
neutral and maximum external rotation position. Still, no
statistical significance was observed between the dominant
and non-dominant sides. There was also no statistical signifi-
cance between the Young’s modulus in the neutral and exter-
nal rotation positions after exercise, but statistically significant

differences were identified in every position for both men and
women when compared to that before exercise. The Young’s
modulus of tissue values for men and women significantly
increased after exercise both in the neutral and external rota-
tion position. This points out that exercise can significantly
increase the Young’s modulus of the infraspinatus muscle.
In this study, only 14 volunteers (seven males and seven
females) were enrolled. Multi-center data collection and
analysis with a larger sample population are required to
reach more objective conclusions. The recovery of Young’s
modulus of infraspinatus tendon after exercise may be the
direction for further studies. Moreover, using the SWE to
check the Young’s modulus value at different time points
after certain movements will be helpful in rehabilitation pro-
grams of the infraspinatus tendon and provide more insights
and guidance for sports training by dynamic Young’s modu-
lus assessment of soft tissue.

Despite various novel applications that look promis-
ing, SWE faces some limitations for its clinical application.
First, data obtained by different operators vary greatly.
Centralized and unified training and practices are needed
to reduce the bias between operators. Secondly, shear wave
data for people with a large BMI, who may be obese or
tall, is difficult to measure. In our study, a volunteer who
was 191 cm in height with a BMI of 28.78 was unable to
fill the sampling box with shear wave during data mea-
surement, so he was excluded. This might indicate that

Fig. 4 Scatter plot of Young’s modulus

values. The data were divided into six

groups based on the status of the

subjects. Each group had 14 dots, each

representing a patient’s Young’s modulus

of the infraspinatus tendon. The blue dots

represent males, and the red dots

represent females.
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SWE detecting infraspinatus tendon may not be suitable
for the extremely tall or overweight, whose subcutaneous
fat may cover the target tendon and make detection diffi-
cult. Thirdly, the SWE requires the subject to comply with
instructions before the examination because the Young’s

modulus value of muscle tendons or other soft tissues to
be tested are easily affected by recent sports activities and
load conditions. If we want to obtain an objective and
comparable result, we must make the conditions consis-
tent before the inspection.

A B

C D

E F

Fig. 5 (A–E) depicting one 32-year-old

male subject’s shear wave

elastography images of the

infraspinatus tendon. A: Neutral

position (dominant side), B: Maximum

external rotation (dominant side), C:

Neutral position (non-dominant side),

D: Maximum external rotation (non-

dominant side), E: Neutral position

after exercise (dominant side), F:

Maximum external rotation after

exercise (dominant side).
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In conclusion, SWE is a real-time and non-invasive
quantitative method to test the Young’s modulus of the
infraspinatus tendon dynamically. High-intensity exercise in
a short time increased the Young’s modulus of the sup-
raspinatus tendon. There was no significant difference
between the dominant and non-dominant sides, and there
were differences between males and females in the sup-

raspinatus Young’s modulus. The supraspinatus Young’s
modulus in the external rotation position was greater than
that in the neutral position.
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