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Abstract
Background Core training is the foundation of physical exercise. The activation of the lateral abdominal wall (LAW) 
muscles in the core muscles, particularly the transversus abdominal (TrA) muscles, has a stabilizing effect on the chest 
and abdomen. Therefore, we need to focus on the training effect of the TrA. There are many ways to measure the LAW. 
Ultrasound can assess the effect of training in real time and intuitively. Therefore, we intend to evaluate the activation 
of the LAW in different types of core training using ultrasound, to determine the best movements that can activate 
the TrA and train the core muscles.

Methods 22 healthy subjects (male 10, female 12, age 22.82 ± 0.98, BMI 20.78 ± 2.27) were included. The subjects 
were given the following instructions to perform breathing exercises at different positions: calm breathing and 
deep breathing at 0° hip flexion and 0° knee flexion; calm breathing, deep breathing, abdominal crunches and ball 
crunches at 45° hip flexion and 90° knee flexion; and calm breathing, deep breathing, abdominal crunches and ball 
crunches at 90° hip flexion and 90° knee flexion. The muscle thicknesses of the bilateral transversus abdominis (TrA), 
internal oblique (IO), external oblique (EO), and LAW muscles were measured using ultrasonography at the end of 
expiration during the above movements.

Results (1) The action with the greatest contraction ratio of the TrA was deep exhalation, which was significantly 
greater than crunch and ball crunch; (2) During deep exhalation, the TrA had the greatest contraction ratio, 
significantly greater than the IO and EO. (3) The TrA was thinnest during deep exhalation at 90°, followed by 45° and 
0°.

Conclusion In healthy young people, deep expiration with 90° hip flexion and 90° knee flexion was the optimal 
action for activating the LAW, especially the TrA.
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Introduction
Core muscle training is an important part of physical 
exercise
The core muscle group usually refers to the muscles that 
maintain body stability, including the lateral abdominal 
wall (LAW), diaphragm, lumbar multifidus and pelvic 
floor muscles [1]. The LAW is formed by the transver-
sus abdominis (TrA), internal oblique (IO) and external 
oblique approaches. The core muscle group is closely 
related to respiration, in which the lateral abdominal wall 
muscles are the main auxiliary expiratory muscles, and 
the diaphragm is the main inspiratory muscle. The lat-
eral abdominal wall muscle and the diaphragm play an 
antagonistic synergistic role. The contraction of the lat-
eral abdominal wall muscle helps to pull down the tho-
rax, compress the abdominal contents, strengthen the 
abdominal pressure, push the diaphragm into the thorax, 
increase the intrathoracic pressure, and thus increase 
the expiratory flow [2]. Strengthening LAW training can 
increase intra-abdominal pressure and the range of dia-
phragm movement, to improve spinal and pelvic stability, 
trunk stability and motor control [3, 4]. Therefore, core 
muscle training is an important part of sports training. 
By controlling the position and movement of the trunk 
above the pelvis, the generated force and movement are 
transmitted to the distal end of the limbs, and the abil-
ity of the limbs to control movement is improved [5]. It 
is of great value in maintaining movement stability and 
improving sports performance. Core training can also 
provide symptomatic relief in patients with lower back 
pain; it has been shown that core training can signifi-
cantly reduce pain, improve balance, and improve lum-
bar multifidus muscle thickness compared to strength 
training [6]. In adolescent scoliosis patients, core training 
can improve spinal deformity, relieve pain, and improve 
quality of life [7]. In stroke patients with hemiplegia, core 
training can improve balance and gait stability [8]. 

The lateral abdominal wall muscles, especially the 
transversus abdominis, are the most important muscles for 
core training
The TrA is one of the most important muscles in the 
LAW. Firstly, the TrA is the first LAW to be activated. 
In different core trainings, the activation sequence of 
core muscle groups varies, in which the lateral abdomi-
nal wall muscle, especially the TrA, is the most prefer-
entially activated [9, 10]. Secondly, the structure of TrA 
provides a strong stabilizing effect on the abdominal wall. 
As the deepest part of the core muscle group, the trans-
versus abdominis muscles connect to the thoracolumbar 
fascia, forming a ring in the abdomen. The contraction 
of the TrA muscles will increase the abdominal pressure 
and tension of the thoracolumbar fascia, thus creating a 

stable binding effect on the abdomen [11–13]. Therefore, 
TrA training is an important part of core exercise.

Current methods of exercising the TrA include supine 
deep abdominal breathing, supine crunches, single-leg 
extension, plank support, and other exercises. It is thus 
important to consider which exercise can activate the 
TrA to a greater extent while reducing energy expendi-
ture. Actions can be designed from the following two 
aspects:

Different forms of exercise
Calm abdominal breathing is mainly completed by the 
rebound of the diaphragm and thorax, and does not 
require the participation of abdominal muscles, while 
deep abdominal exhalation is mainly completed by the 
abdominal muscles. Therefore, deep abdominal breathing 
can directly strengthen abdominal muscle contraction 
and is an ideal exercise for core muscles [9, 12, 14, 15]. 
Abdominal curls enhance the stability of the core muscles 
by modifying the instability of the spine [16, 17], but it is 
not clear which movement can better activate the LAW, 
especially the TrA. Adductor ball squeezes can activate 
hip adductors. The pelvic floor muscles connected to the 
hip adductors are part of the core muscles, which can 
theoretically stabilize the pelvis and improve core sta-
bility [18–20]. It has also been shown that during deep 
breathing while carrying out adductor ball squeezes, the 
muscle thickness of the LAW is greater than that during 
simple deep breathing [21]. However, there is no compar-
ison between the activation of the LAW during adductor 
ball crunches and simple crunches.

Therefore, this study analyzed deep breathing, abdomi-
nal crunches and ball crunches to verify whether chang-
ing the stability of the spine and pelvis can help increase 
the activation effect of the TrA during abdominal 
breathing.

Different hip flexion angles
The initial states of the LAW under different hip flexion 
angles are inconsistent, and it is still unclear which angle 
can better activate the LAW and maintain the stability 
of the core muscles. In clinical practice, hip flexion and 
knee flexion at 0° and hip flexion at 45° and knee flexion 
at 90° are commonly used training postures. However, 
according to the theory of trunk asymmetry, hip flexion 
and knee flexion at 90° are more conducive to trunk sym-
metry, restoring the diaphragm’s zone of apposition [22], 
thereby stimulating the potential of the respiratory mus-
cles and exercising the core muscles [23]. Therefore, it is 
necessary to study the best training angle.
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Measurement of LAW and the assessment value of 
ultrasound
Currently, many methods, such as visual observation, 
manual palpation, electromyography, and pulmonary 
function testing, ultrasonography are used to evaluate the 
activation of LAW. Visual observation and manual pal-
pation are greatly affected by the observer’s experience, 
and the movement data of the LAW cannot be directly 
obtained, which is prone to errors. Needle electromyog-
raphy is an invasive procedure and is poorly tolerated by 
test subjects. Surface electromyography also has limita-
tions in the measurement of LAW. Since the layers of the 
LAW have a large overlap in anatomical structure, sur-
face electromyography easily interferes with each other 
when evaluating the activities of each layer of muscles. 
Moreover, the abdomen is close to the heart and is easily 
affected by electrocardiograph interference [24, 25]. The 
pulmonary function test mainly reflects the respiratory 
function index by measuring vital capacity and maximum 
expiratory volume but cannot directly obtain data on 
expiratory muscle movement [26]. Therefore, it is impor-
tant to find an accurate, non-invasive and direct way to 
evaluate LAW movement. As a non-invasive method, 
ultrasound technology has unique advantages in the eval-
uation and training of core muscle strength training [27]. 
, as it can monitor muscle activity in real time and is eas-
ily operable.

Some researchers measured muscle activity through 
ultrasound and electromyography and demonstrated that 
changes in muscle thickness on ultrasound images are 
consistent with the degree of muscle recruitment on elec-
tromyography [28]. Previous studies using ultrasound to 
observe the thickness and echo intensity of the LAW in 
different postures have shown that ultrasound measure-
ments of the LAW have high reliability [27]. Researchers 
using real-time ultrasound feedback to train core muscle 
groups have achieved better results than traditional treat-
ment methods, verifying the value of ultrasound in LAW 
training [29]. The above literature confirms that ultra-
sound has unique advantages in evaluating movement, 
but no study has used ultrasound to evaluate the effects 
of different core training methods on lateral abdomi-
nal wall muscle activation. Therefore, in this study, dif-
ferent types of core strength training movements were 
designed, and ultrasound was used to measure the sub-
jects’ contraction effects in real time to verify the degree 
of activation of the LAW among different types of core 
strength training movements to determine the optimal 
treatment for activating the TrA and increasing core 
muscle stability.

The preliminary hypothesis of this experiment is that 
deep breathing is an effective posture for training the 
LAW, and that crunch and ball crunch have effects on the 
LAW, but which way is the best remains to be verified; 

movement at different angles has different activation 
effects, and the specific angle needs to be determined.

Method
Subjects
Twenty-two healthy subjects were enrolled and their 
International Physical Activity Scale (IPAQ) was classi-
fied as moderate intensity [30].

We used the Pass software to calculate the sample size. 
An a priori power analysis indicated that a sample size 
of 15 was needed (a moderate effect size (ES) of 0.3, an 
α-error of 0.025, and a power of 0.95) [9].

Inclusion criteria

(1) 18–24 years old [31];
(2) No acute or chronic medical history that may affect 

the research process or results (such as acute upper 
respiratory tract infection, chronic obstructive 
pulmonary disease, chronic cardiac insufficiency, 
cerebrovascular disease, etc.);

(3) No spinal-related pain or related neurological 
symptom pain within half a year;

(4) No history of surgery related to the chest, abdomen, 
pelvis or spine;

(5) No long-term hospitalization, inactivity or injury 
within 2 years;

(6) No use of drugs that affect nerve or muscle motor 
functions within 1 year;

(7) Voluntarily join this experiment and sign the 
informed consent form.

Exclusion criteria

(1) Nervous, muscular, skeletal, cardiopulmonary and 
other diseases;

(2) Abnormal body anatomy;
(3) Professional sports trainers.

The experimental protocol was approved (approval 
code: 2022-YJS-ks-15) by The Second Affiliated Hospi-
tal, Guangzhou Medical University Ethics Committee in 
accordance with the Declaration of Helsinki.

The general information of the subjects is shown in 
Table 1.

Test actions
In order to test the effect of lumbar and pelvic stabil-
ity on expiratory muscles, we selected deep abdominal 
exhalation, deep exhalation abdominal crunches, and 
abdominal crunches with a ball. To test the effect of 
trunk symmetry on expiratory muscles, we selected hip 
flexion 0, 45, and 90 degrees. The above action elements 
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are combined, and the specific action specifications are 
as follows.

All subjects performed prescribed actions according to 
verbal instructions: Calm (quiet abdominal exhalation), 
Deep (deep abdominal exhalation), Standard movement 
(Pull the navel inwards and backwards towards the spine 
on a deep exhalation and hold for 5  s), Crunch (Deep 
exhalation crunch. Standard movement: Tighten the 
abdomen, curl the abdomen and raise the shoulders until 
the shoulder blades are lifted off the bed and hold for 
5 s). Ball Crunch (Deep exhalation ball crunch. Standard 
movement: Place a yoga ball at shoulder width between 
your knees and hold it between your knees throughout 
the exercise. Squeeze the abdomen, roll up the belly and 
raise the shoulders until the shoulder blades are lifted off 
the bed and hold for 5 s). 0° means 0° hip flexion and 0° 
knee flexion; 45 means 45° hip flexion and 90° knee flex-
ion; 90 means 90° hip flexion and 90° knee flexion (Fig. 1).

The subjects were required to be familiar with the 
essentials of the actions and practice them at least 6–8 
times first. After mastering the above actions, the sub-
jects were required to take sufficient rest and com-
plete the actions in sequence under the guidance of oral 
instructions using ultrasound the next day. At the begin-
ning of the test, calm 0° and deep 0° were measured; then 
45° or 90° movements were randomly tested, including 
calm, deep, crunch, and ball crunch, and the four move-
ments were performed in order. During the test, the sub-
jects held each action for 5 s, rested for 5 min [32], and 

then proceeded to the next set of action training. Each 
set of data was collected three times (Fig. 1).

We used the Visual Analogue Scale (VAS) to assess 
fatigue, ranging from no fatigue to severe fatigue, with 
a score of 0–10. Before each test, subjects were asked 
about their level of fatigue to ensure that the score was 0, 
indicating no fatigue. Fatigued subjects were asked to rest 
before performing the next set of exercises.

Ultrasound assessment
Apparatus
Ultrasound images of LAW were obtained using a por-
table brightness mode (B-mode) ultrasound imaging 
device (FUJFILM SonoSite, SE Bothell, WA, USA) and a 
multi-frequency linear-array probe (HFL38x/13 − 6 MHz, 
SE Bothell, WA, USA). FUJFILM SonoSite software was 
used to produce and digitally store images of each area in 
real time.

Testers
The ultrasound measurements were performed by a 
trained physician with experience in musculoskeletal 
ultrasound diagnosis. The physician applied the probe 
lightly to the skin to avoid compression of the tissue. 
During the movement, the handheld probe was slightly 
adjusted to follow the subject’s body movement to ensure 
that the test image was in the same position.

Table 1 Descriptive characteristics of the participants. Mean values ± (standard deviation)
Number of Subjects Age Height(cm) Weight(kg) Body Mass Index(kg/m2)

Male 10 23.00 ± 1.15 171.70 ± 3.97 66.95 ± 5.41 22.72 ± 1.83
Female 12 22.67 ± 0.78 159.67 ± 5.55* 49.00 ± 5.10* 19.16 ± 0.88*

Total 22 22.82 ± 0.98 164.14 ± 7.78 57.16 ± 10.48 20.78 ± 2.27
*. Significant differences compared to males

Fig. 1 Test processes and actions
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Probe position
The ultrasound probe was located at the intersection of 
the midaxillary line and the umbilical level. The probe 
direction was adjusted slightly while observing the TrA, 
IO, and EO (Fig. 2).

Measurement position
The anterior edge of the TrA on the left side of the image 
was displayed, the image was frozen, and the intersec-
tion point 2  cm to the right of the connection between 
the transversus abdominis muscle and the thoracolumbar 
fascia was taken as the measurement site (Fig. 3a).

The thicknesses of the transversus abdominis, internal 
oblique, and external oblique muscles were measured. 
The muscle thickness was the vertical distance between 
the upper and lower fascia (excluding the fascia layer) 
(Fig. 3b).

The muscle thicknesses were measured using the soft-
ware provided with the ultrasound machine.

The formula for calculating the contraction thickness 
ratio was as follows: thickness at contraction/thickness at 
rest *100%.

Statistical methods
Statistical analysis was carried out using the SPSS version 
25 software program (SPSS Inc., Chicago, IL, USA). Pear-
son correlation coefficients were obtained to assess the 

reliability of the ultrasound measurements of abdominal 
muscle thickness and the relationships of the dependent 
variables with BMI, sex and muscle condition. The ranges 
of 0.2< |ICC| < 0.4, 0.4< |ICC| < 0.6, and 0.6< |ICC| < 1 
were defined as weak, moderate, and strong correlations, 
respectively [33]. Statistical comparisons for each muscle 
thickness and contraction ratio among the sexes were 
performed using an independent-samples T test. Statisti-
cal comparisons for each muscle thickness and contrac-
tion ratio among the conditions were performed using 
a paired-samples T test. The results are reported as the 
means ± standard errors. Significance was determined at 
values of p ≤ 0.05.

Results
The reliability of ultrasound measurement of LAW 
thickness in this experiment is shown in (Table  2). The 
effects of BMI and gender on LAW thickness are shown 
in (Tables  3 and 4), and the effects on LAW contrac-
tion ratio are shown in (Table  5). The effects of differ-
ent movements (deep breathe, crunch and ball crunch) 
on TrA contraction ratio are shown in (Tables  6 and 7; 
Fig.  4). The contraction ratio of the TrA during deep 
expiration at different angles is shown in (Table 8; Fig. 5). 
The changes in TrA and LAW thickness at different hip 
flexion angles are shown in (Tables 9 and 10; Fig. 6).

Fig. 2 The position of the ultrasound probe. EQ: external oblique abdominal muscle, IQ: internal oblique abdominal muscle, TRA: transversus abdominal 
muscle
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Musculoskeletal ultrasound had extremely strong 
reliability in measuring LAW thickness. (Table 2)

The total thickness of the bilateral abdominal wall muscles 
at the end of calm expiration was positively correlated with 
BMI. (Table 3)
The total thickness of the LAW in men was significantly 
greater than that in women. (Table  4) With respect to 
exercise, there was no correlation between BMI or sex 
and the contraction ratio of the LAW. (Table  5) There 
were no significant differences in the contraction ratio of 
ipsilateral abdominal wall between genders. (Table 5)

There were significant differences in the contraction ratio 
of the transversus abdominis muscle among different 
actions
The contraction ratio of the transversus abdominis mus-
cle at the end of deep expiration was significantly greater 
than during crunches and ball crunches. However, there 
was no significant difference in contraction ratio of the 
transversus abdominis muscle between crunches and ball 
crunches, (Table 6, Fig. 4ab) and there were no significant 
differences in the contraction ratio of the LAW muscle 
among different actions (Table 7, Fig. 4cd).

Table 2 The reliability of measuring the LAW thickness
Left Right
ICC SEM ICC SEM

Calm 0° 0.94 0.00 0.99 0.00
Calm 45° 0.99 0.00 0.99 0.00
Calm 90° 0.99 0.00 0.99 0.00
Deep 0° 0.99 0.00 0.98 0.00
Deep 45° 0.99 0.00 0.99 0.00
Deep 90° 0.91 0.11 0.98 0.00
Crunch 45° 0.99 0.00 0.94 0.00
Ball crunch 45° 0.94 0.00 0.90 0.13
Crunch 90° 0.99 0.00 0.98 0.00
Ball crunch 90° 0.94 0.01 0.97 0.00
ICC: Intraclass correlation coefficient

SEM: Standard error of measurement

Table 3 Correlation between BMI and LAW thickness at the end 
of calm expiration

Left Right
ICC SEM ICC SEM

Calm 0° 0.84 0.00 0.88 0.00
Calm 45° 0.70 0.00 0.88 0.00
Calm 90° 0.55 0.01 0.89 0.00

Table 4 The thickness of the LAW in different genders at the end of calm expiration (mm)
Left Right
Male Female P Cohen’d Male Female P Cohen’d

Calm 0° 31.71 ± 5.22 21.89 ± 2.85 <0.01 -2.40 31.31 ± 4.70 19.39 ± 2.00 <0.01 -3.42
Calm 45° 34.06 ± 6.78 22.85 ± 2.72 <0.01 -2.25 36.84 ± 7.38 23.90 ± 3.29 <0.01 -2.35
Calm 90° 33.26 ± 11.12 22.12 ± 3.73 0.04 -1.40 34.85 ± 4.44 22.53 ± 3.02 <0.01 -3.31
P/ Cohen’d. Significant differences compared to males

Fig. 3 Ultrasound image of the lateral abdominal wall
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When exhaling deeply at different angles, the contraction 
ratios of the TrA, IO, and EO differed. TrA contracted the 
most, followed by IO and EO. (Table 8; Fig. 5)

The thicknesses of the TrA and LAW decreased from 0° to 
45° to 90° during deep expiration. (Table 9; Fig. 6)
The bilateral TrA at deep 0° was significantly thicker than 
deep 45° and 90°, while thicknesses between deep 45° and 
90° were not significant. (Table 9; Fig. 6a) Bilateral LAW 
at deep 90° was significantly thinner than at deep 0°, 
while thicknesses between deep 0° and 45°, deep 45° and 
90° were not significant. (Table 10; Fig. 6b)

Discussion
The core muscles refer to the muscle group that sur-
rounds the torso and protects the stability of the spine. 
They play roles in maintaining balance, transmitting 
force, and regulating breathing, serving as a crucial link 
between the upper and lower limbs. As an essential part 
of maintaining body stability, core muscle training is the 

foundation of all physical activities. In therapeutic exer-
cise, core training can not only treat diseases directly 
related to core muscles, such as low back pain and sco-
liosis, but also contribute to treating functional disorders. 
These exercises can enhance stability and physical endur-
ance in patients with walking impairment from hemiple-
gia after stroke [8], and improve respiratory function in 
patients with severe pneumonia [34].

Core muscle group training can be evaluated using 
ultrasound. As a popular method of measuring muscle 
movement, musculoskeletal ultrasound can be used to 
monitor muscle activity noninvasively and in real time 
[27]. Different muscles are measured differently. In this 
study, the thicknesses of the TrA, IO and EO were mea-
sured at the intersection of the midaxillary line and the 
umbilical level by performing different exercises in differ-
ent postures of hip and knee flexion. The obtained thick-
ness data had high reliability. This experiment verified 
the feasibility of using ultrasound to measure the thick-
ness of the lateral abdominal wall muscles during calm 

Table 5 The contraction ratio of the LAW in different genders at the end of expiration during different actions (%)
Left Right
Male Female P Cohen’d Male Female P Cohen’d

Deep 45° 115.55 ± 9.20 123.42 ± 21.16 0.46 0.47 122.30 ± 14.50 120.30 ± 15.86 0.83 -0.13
Crunch 45° 119.16 ± 12.23 121.53 ± 19.16 0.82 0.14 125.84 ± 9.90 109.81 ± 27.89 0.26 -0.74
Ball crunch 45° 120.47 ± 5.81 127.21 ± 17.92 0.44 0.48 127.52 ± 11.23 111.65 ± 19.71 0.15 -0.96
Deep 90° 119.72 ± 19.87 112.95 ± 5.89 0.44 -0.49 117.78 ± 20.86 119.35 ± 14.79 0.89 0.09
Crunch 90° 119.69 ± 27.09 113.12 ± 18.44 0.64 -0.29 126.08 ± 15.03 120.54 ± 29.08 0.71 -0.23
Ball crunch 90° 124.16 ± 21.62 114.78 ± 15.59 0.42 -0.51 132.99 ± 24.26 130.28 ± 31.53 0.88 -0.10
P /Cohen’d. compared with iplateral crunch

Table 6 The contraction ratio of the TrA at the end of expiration during different actions (%)
Left Right
X ± SD P1 Cohen’d 1 P2 Cohen’d 2 X ± SD P1 Cohen’d 1 P2 Cohen’d 2

Deep 45° 155.86 ± 43.26 <0.001 0.93 0.01 0.66 162.24 ± 44.10 <0.001 1.08 0.01 0.62
Crunch 45° 110.83 ± 17.36 - - 0.37 -0.20 127.01 ± 28.48 - - 0.06 -0.39
Ball crunch 45° 119.39 ± 41.09 0.37 -0.20 - - 140.80 ± 38.26 0.06 -0.39 - -
Deep 90° 146.43 ± 57.30 0.04 0.46 <0.001 0.72 156.67 ± 53.11 0.02 0.56 0.01 0.64
Crunch 90° 117.05 ± 22.10 - - 0.89 0.03 126.27 ± 32.99 - - 0.58 0.12
Ball crunch 90° 116.19 ± 24.28 0.89 0.03 - - 124.34 ± 32.50 0.58 0.12 - -
P1/Cohen’d 1. compared with iplateral crunch

P2/Cohen’d 2. compared with iplateral ball crunch

Table 7 The contraction ratio of the LAW at the end of expiration during different actions (%)
Left Right
Mean ± SD P1 Cohen’d 1 P2 Cohen’d 2 Mean ± SD P1 Cohen’d 1 P2 Cohen’d 2

Deep 45° 119.84 ± 16.56 0.81 -0.08 0.19 -0.42 121.21 ± 14.52 0.50 -0.21 0.57 0.18
Crunch 45° 124.15 ± 13.66 - - 0.27 -0.35 118.86 ± 17.70 - - 0.68 0.13
Ball crunch 45° 116.03 ± 13.70 0.27 -0.35 - - 118.64 ± 16.85 0.68 0.13 - -
Deep 90° 120.45 ± 15.65 0.99 0.00 0.41 -0.26 117.09 ± 22.32 0.57 0.18 0.09 -0.56
Crunch 90° 116.11 ± 21.80 - - 0.44 -0.24 123.06 ± 22.84 - - 0.13 -0.51
Ball crunch 90° 119.05 ± 18.24 0.44 -0.24 - - 131.51 ± 27.10 0.13 -0.51 - -
P1/Cohen’d 1. compared with iplateral crunch

P2/Cohen’d 2. compared with iplateral ball crunch
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breathing, deep breathing, abdominal crunches, and ball 
crunches in different postures.

To avoid the interference of sports foundation on 
this study, all subjects included in this experiment were 
healthy young people. Their basic physical activity level 
assessed by the International Physical Activity Scale 
(IPAQ) were moderate intensity. Subjects were trained 
prior to testing and were ensured to have adequate rest, 
to minimize errors and ensure accuracy of the test. While 
BMI and sex were shown to affect muscle thickness dur-
ing calm breathing, they had no effect on contraction 
ratio, which reflects that contraction ability was not 
affected by these two factors.

However, potential asymmetry of the LAW as the 
main expiratory muscle is a problem that deserves atten-
tion [35]. An example of respiratory muscle asymmetry 
can be appreciated in the diaphragm, where the right 

hemidiaphragm lies higher than the left due to the under-
lying abdominal viscera, and its contraction during inspi-
ration is also asymmetrical. The bilateral abdominal wall 
muscles of healthy people have been shown to be sym-
metrical in the supine position and during bridge exer-
cises [32]. However, as the hip flexion angle increases 
and the lumbar curvature becomes straight, the abdomi-
nal muscles relax and reduce pressure on the abdominal 
organs, which could accentuate any underlying muscle 
asymmetry. It is worth exploring whether relaxation 
affects the contraction ability and symmetry of the LAW. 
We found that the total contraction ratio of the bilateral 
abdominal wall muscles was symmetrical in healthy peo-
ple during calm exhalation at 0°, 45° and 90° of hip flex-
ion. The contraction ratio of the bilateral abdominal wall 
muscles remained symmetrical during deep expiration, 
crunch and ball crunch. This suggests that in healthy 

Fig. 4 The contraction ratio of the TrA and the LAW at the end of expiration during different actions (%) * P ≤ 0.05 compared with ipsilateral crunch. # 
P ≤ 0.05 compared with ipsilateral ball crunch
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subjects performing active trunk exercises, both sides of 
the abdominal core muscles could recruit muscle fibers 
in a timely and effective manner to maintain tension, 
with relatively balanced recruitment. This experiment 
compared the recruitment of the three muscles (i.e. the 
contraction ratio), and revealed that the contraction ratio 
of the TrA was significantly greater than that of the IO 
and EO. This reflected the dominant role of the TrA in 
core stabilization in maintaining posture, but since no 
temporal factors were recorded, its characteristics for 
intended postural adjustment could not be explained 
[36]. In the treatment of diseases involving truncal asym-
metry, such as poststroke hemiplegia [8, 37], scoliosis [7, 
38], and non-specific low back pain [6, 39], it is particu-
larly important to maintain symmetrical activation of the 
bilateral trunk muscles. The movements involved in this 
study were all symmetrical movements, and it has been 
proven that both LAWs could be symmetrically activated. 
This study provides a reference scheme for symmetrical 
therapeutic exercise.

The exercises in this research are all common methods 
for exercising the core muscles. Deep abdominal breath-
ing mainly increases intra-abdominal pressure through 
contraction of the LAW, to maintain stability of the core 
muscles. Abdominal curls involve stabilizing the spine 
through contraction of the LAW, to exercise the core 
muscles [40, 41]. Ball crunches can involve contraction 
of the hip adductors, which can maintain stability of the 
pelvis, and theoretically further strengthen the stability of 
the core muscle group [18, 21]. S9tudies have shown that 
a combination of deep exhalation and core stability train-
ing can more effectively activate the LAW [42]. 

This study revealed that among the three types of exer-
cise, the contraction ratio of the TrA was greatest dur-
ing deep breathing. Compared with those during calm 
expiration, the contractions of abdominal curls and ball 
crunches were also significantly greater, but both were 
weaker than those during deep expiration. This con-
firmed that the main function of the lateral abdominal 
wall muscle was to facilitate exhalation and to maintain 
trunk stability, rather than to dominate trunk movement 
[16]. Few previous studies have directly measured the 
role of the TrA in core training. The TrA is an impor-
tant expiratory muscle, and deep exhalation is an action 
that directly activates the TrA. [ 14,15,16,17] This study 
further confirmed the important role of deep exhalation 
in activating the TrA. Deep breathing under steady con-
ditions is the best way to exercise one’s abdominal core 
muscles, as it provides the most contraction while requir-
ing less effort than crunches and ball crunches. There-
fore, we recommend using deep breathing exercises for 
TrA training.

The contraction ratio of muscle mainly reflects 
the recruitment ability of muscle fibers, that is, the Ta
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contraction ability of muscle. Although muscle thickness 
is often thought to directly reflect the number of muscle 
fibers, it can also be used to evaluate muscle fatigue [43]. 
Studies using combined ultrasound imaging and surface 
electromyography, measuring changes in muscle thick-
ness during contraction, have found that muscle thick-
ness increases when the muscle is fatigued. Under calm 
breathing at different hip flexion angles, the initial thick-
ness of the TrA was the same. During deep breathing, the 
thickness of the TrA decreased at 0°, 45° and 90°, indi-
cating that the TrA was most relaxed at 90°. This shows 
that an increase in hip flexion angle causes a reduction 
in lumbar flexion and a relaxation of the LAW, especially 
the TrA. However, there was no significant difference in 
the contraction ratio of the lower transversus abdominis 
muscle at different angles, which indicates that relaxation 
of the transversus abdominis muscle had no effect on its 
contractility. Therefore, it is suggested that the best train-
ing posture for transversus abdominis muscle exercise is 
at 90° hip flexion and 90° knee flexion. This would relax 
the muscles to avoid fatigue, while maintaining their 
contractility.

Previous studies have observed the characteristics of 
different core exercises on the LAW, with different train-
ing methods. While the exercises in this article were 
common clinical training methods, there is no research 
on the effects of these methods on LAW activation. Our 
research has used ultrasound to monitor the LAW in 
real time during exercise. Ultrasound is non-invasive, 
real-time, and intuitive, making it more accurate than 
other methods, such as traditional electromyography and 
respiratory function tests.

We hypothesized that deep exhalation can activate the 
LAW and that both crunch and ball crunch can activate 
the lateral abdominal wall. The results showed that deep 
breathing is the best action to activate the LAW, espe-
cially the TrA. Deep breathing with 90° hip and knee 
flexion is the most effective for activating the transver-
sus abdominis, as it relaxes the muscle while maintaining 
contractile force. This exercise can be used in rehabilita-
tion and physical therapy, to improve stability and muscle 
recovery. The movement is also easy to perform, making 
it suitable for patients with physical weakness or limb 

Table 9 The thickness of the TrA during deep expiration at different angles (mm)
Left Right
X ± SD P1 Cohen’d 1 P2 Cohen’d 2 X ± SD P1 Cohen’d 1 P2 Cohen’d 2

Deep 0° 6.25 ± 1.45 <0.001 1.18 <0.001 1.70 7.11 ± 1.78 <0.001 0.96 <0.001 0.91
Deep 45° 4.63 ± 1.84a - - 0.12 0.35 5.07 ± 1.90a - - 0.64 -0.10
Deep 90° 4.27 ± 1.37a 0.12 0.35 - - 5.21 ± 2.21a 0.64 -0.10 - -
P1 / Cohen’d 1. Compared with the ipsilateral Deep 45°

P2 / Cohen’d 2. Compared with the ipsilateral Deep 90°

Table 10 The thickness of the LAW during deep expiration at different angles (mm)
Left Right
X ± SD P1 Cohen’d 1 P2 Cohen’d 2 X ± SD P1 Cohen’d 1 P2 Cohen’d 2

Deep 0° 29.44 ± 6.76 0.40 0.18 <0.001 0.69 31.57 ± 8.21 0.18 0.30 0.01 0.60
Deep 45° 28.91 ± 8.46 - - 0.12 0.35 30.04 ± 11.24 - - 0.59 0.12
Deep 90° 27.12 ± 8.21a 0.12 0.35 - - 29.61 ± 9.84a 0.59 0.12 - -
P1 / Cohen’d 1. Compared with the ipsilateral Deep 45°

P2 / Cohen’d 2. Compared with the ipsilateral Deep 90°

Fig. 5 Contraction ratio of TrA, IO, and EO at the end of expiration during deep expiration at different angles (%) * P ≤ 0.05 compared with ipsilateral IO. 
# P ≤ 0.05 compared with ipsilateral EO
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dysfunction, or those who otherwise face difficulty in 
performing core exercises.

Limitations and future works
This study only focused on subjects with normal levels 
of exercise, and more research is needed on those with 
high or low levels of exercise. We had trained the sub-
jects in standard movements before the experiment, and 
the test procedure was standardized as much as possible. 
During the test, we ensured that there was a rest period 
to avoid fatigue, so there was no variation. However, the 
IPAQ used in the enrolment only stratified the amount 
of exercise, but did not classify the type of exercise per-
formed by the subjects. In the future, it may be consid-
ered to group subjects according to their previous basic 
exercise types to more accurately assess the effects of dif-
ferent interventions. The subjects included in this study 
were all healthy young people, and research subjects 
with asymmetrical trunk diseases will be included in the 
future to further verify the optimal posture for transver-
sus abdominis muscle training. This study investigated 

the activation of the LAW to provide a theoretical basis 
for training methods for the core muscle group. However, 
the core muscle group also includes the diaphragm, lum-
bar multifidus, and pelvic floor muscles. In the future, it 
is necessary to expand the range of muscles observed to 
determine the best mode of training for the core muscle 
group. The musculoskeletal ultrasound measurements 
used in this study were all converted by muscle thickness. 
Although they can reflect muscle fatigue and contraction 
ability, they are not direct indicators. More direct param-
eters reflecting muscle performance could be obtained in 
the future, such as M-mode ultrasound and electromyog-
raphy. This article found that deep 90° is the best way to 
activate the core muscles, but it is a cross-sectional study. 
In the future, we plan to include people with different 
health conditions in a randomized controlled trial to ver-
ify the effect of this exercise, and determine the optimal 
dose and duration.

Conclusion
Deep breathing with 90° hip flexion and 90° knee flexion 
was the best action for activating the LAW, especially the 
TrA, in healthy young people. Exercises based on this 
action can improve the training efficiency of the core 
muscles and enhance training effects. This exercise is 
also suitable for patients with core muscle weakness, as it 
provides the most contractility while keeping the muscle 
relaxed and minimizing risk of injury.
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