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Abstract

Purpose: Abdominal hollowing exercise has been recommended to improve trunk stability. Trunk lean and foot

lift exercises while sitting may easily promote abdominal muscle activity even in people who cannot perform

abdominal hollowing consciously. The purpose of the present study was to examine the changes in abdominal

muscle activity and contribution rate of the transversus abdominis muscle (TrA) when leaning the trunk and lifting

the foot during sitting.

Methods: The muscle stiffnesses (indicators of muscle activity) of the right rectus abdominis, external oblique,

internal oblique, and TrA of 14 healthy men were measured during abdominal hollowing and the following nine

sitting tasks: reference posture, 15° and maximal posterior trunk lean, 20° and maximal ipsilateral and contralateral

trunk lean, and ipsilateral and contralateral foot lift. The TrA contribution rate was calculated by dividing the TrA

stiffness by the sum of the abdominal muscles’ stiffnesses.

Results: The TrA stiffness was significantly higher in abdominal hollowing than in reference posture, posterior and

ipsilateral trunk lean, and ipsilateral foot lift, but not higher than in contralateral trunk lean and contralateral foot

lift. There was no significant difference in the TrA contribution rates between abdominal hollowing and ipsilateral

or contralateral foot lift.

Conclusion: The contralateral trunk lean or contralateral foot lift could enhance TrA activity for people who cannot

perform abdominal hollowing consciously. The contralateral foot lift could particularly be beneficial to obtain

selective activity of TrA.
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Introduction

The transversus abdominis muscle (TrA) plays an important role in trunk stabilization while moving the

extremities (Hodges and Richardson 1996, 1998; Hodges et al. 1997; Okubo et al. 2013). Since the TrA acts to

tighten the abdomen even when the activities of the other abdominal muscles remain unchanged, greater TrA

activity may allow for a more effective increase in intra-abdominal pressure, which increases the stiffness of the

lumbar spine (Hodges et al. 2005). Therefore, improving TrA contribution rate, which is the percentage of TrA

activity in all the abdominal muscle activities, is required to increase spinal stiffness and reduce spinal loading

(Aspden 1988).

Abdominal hollowing exercise, which retracts the abdomen consciously, has been commonly used to train the

TrA (Beith et al. 2001; Koh et al. 2014). Isolated TrA activation using very low-intensity abdominal hollowing

may be effective to promote muscle recruitment such as improving the delay in neuromuscular activity of TrA

(Tsao and Hodges 2007). On the other hand, a previous study found that as the intensity of abdominal hollowing

increased, the TrA activity increased significantly and the ratio of the TrA to the internal oblique, external oblique,

and rectus abdominis did not change (Shimizu et al. 2019). That is, abdominal hollowing at a higher intensity may

more effectively improve the function of the TrA that stabilizes the trunk.

Greater decrease in the abdominal cavity during abdominal hollowing reflects stronger contraction of the TrA

(Richardson et al. 2004). Hides et al. (2008) reported that there was no significant difference in the TrA thickness

and abdominal cavity at rest between those with and without low back pain, and the abdominal cavity during

abdominal hollowing was significantly larger in those with low back pain than those without. Therefore, patients
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with low back pain may have difficulty exerting voluntary TrA contraction even in the absence of atrophy. Hence,

training methods targeting involuntary activation of TrA are important for patients with low back pain.

The prone bridge exercise activates abdominal muscles involuntarily by resisting the gravity from the posture

change (Okubo et al. 2010; Shiju Majeed et al. 2019). However, methods promoting abdominal muscle activity

through dynamic posture changes, such as prone bridge, have high physical loads and are not necessarily safe for

patients with low back pain (Ekstrom et al. 2008; Bhadauria and Gurudut 2017). Though some studies have

reported the relation between abdominal muscle activity and sagittal spinal alignment in sitting (O’Sullivan et al.

2002; Astfalck et al. 2010; Claus et al. 2018), these studies did not focus on exercises. However, considering these

studies, the TrA activity may be involuntarily increased by leaning the trunk or lifting the foot during sitting, even

in patients with low back pain and elderly people with difficulty in changing posture dynamically with high

intensity. Foot lift exercises are not changed trunk posture, but may increase abdominal muscle activity to increase

lumbar and pelvic stiffness, in order to stabilize the pelvis and to exert hip flexion torque effectively. Revealing

how the abdominal muscles activate when leaning the trunk and lifting the foot during sitting may provide

knowledge for rehabilitation to stabilize trunks in patients with low back pain and elderly people.

The purpose of this study was to verify the effect of trunk lean and foot lift exercises during sitting on abdominal

muscle activity and TrA contribution rate. The hypothesis was that the activity of all abdominal muscles will be

highest in the posterior trunk lean because the spine is more unstable in flexion and extension than in lateral flexion

(Yamamoto et al. 1989). It was also hypothesized that TrA contribution rate would be highest in the contralateral

trunk lean where rectus abdominis activity may be more decreased among the abdominal muscles, according to
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previous studies (Masani et al. 2009; Eriksson Crommert et al. 2017).

Methods

Participants

A total of 14 healthy men (age, 24.6 = 2.9 years; height, 172.5 £ 6.1 cm; mass, 66.9 + 9.0 kg) volunteered for this

study. The exclusion criteria were a history of low back pain lasting more than three months(Chou et al. 2007),

operation and neurological or orthopedic diseases in the trunk or lower limbs. A power analysis with an o error =

0.05, power = 0.80, and effect size f = 0.25 (medium) was performed by the G*Power 3.1 analysis software

(Heinrich Hein University, Duesseldorf, Germany) for one-way repeated measures analysis of variance (ANOVA).

This produced a minimum total sample size of 12. This study was approved by the ethics committee of Kyoto

University Graduate School and the Faculty of Medicine (R0546-2) and was conducted in compliance with the

Declaration of Helsinki. All participants were provided written informed consent after being briefed with the

objectives and the risks involved in the experiment.

Experimental protocol

To minimize the differences in muscle activity due to different spinal alignments in each participant's natural sitting

position, a reference posture was defined (Fig 1. a). This is the upright sitting posture, whereby the axis from ear

lobe to the floor lies between the anterior and posterior superior iliac spine on the sagittal plane. Further visual

verification was done by two of our physiotherapists to ensure no remarkable spinal curvature (e.g. thoracic or
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lumbar hyperflexion). Participants randomly performed tasks maintaining the following postures (Fig 1. b-f):

leaning the trunk posterior to 15° and maximum from reference posture (posterior trunk lean), leaning the trunk at

20° and maximum to ipsilateral and contralateral from reference posture (ipsilateral and contralateral trunk lean),

and lifting the ipsilateral and contralateral foot about 1 cm from the floor (ipsilateral and contralateral foot lift).

Participants received feedback from a mirror placed 1.5-m in front of them, and were instructed to perform tasks

without trunk flexion/extension, lateral flexion, or rotation. The measurements were conducted while one examiner

confirmed there was no obvious deviation of posture during the tasks. Then the participants performed abdominal

hollowing with maximal effort in supine position without moving the trunk and pelvis (Fig 1. g). Lumbar lordosis

during abdominal hollowing was confirmed by participants using the Stabilizer Pressure Biofeedback unit (PBU,

Chattanooga Group, Australia) placed under the lumbar spine, with a constant pressure of 40 mmHg. This was

done to standardize pelvic inclination among participants during the maneuver. They were instructed to perform

abdominal hollowing while trying to maintain the pressure at 40 mmHg.

Shear wave elastography

In each task, muscle stiffnesses of the right TrA, internal oblique, external oblique, and rectus abdominis were

measured three times. The measurement sites were determined based on previous studies (Shimizu et al. 2019):

TrA and internal oblique muscles, 2-cm medial the anterior superior iliac spine; external oblique, 2.5-cm medial

from the point on the axillary line at navel height; and rectus abdominis, 4-cm lateral the navel (Fig 2). Muscle

stiffness was calculated using the following formula by shear wave elastography (SWE) mode (musculoskeletal
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preset) of the Aixplorer ultrasound scanner (v6.4; Supersonic Imagine, Aix-en-Provence, France):

u (kPa) = pVs?,

where p = muscle tissue density (1,000 kg/m?), and Vs = propagation velocity of the shear wave generated by the

ultrasonic transducer. An ultrasonic probe (SL15-4 transducer) was in parallel to the fiber orientation of the target

muscle. Muscle stiffness was calculated in a 3-mm diameter Q-box at the center of the region of interest placed at

the center of each muscle (Fig 2). Reports state that muscle stiffness increases with muscle activity (Bouillard et

al. 2011), and there is high reliability of abdominal muscle stiffness measured using SWE (MacDonald et al. 2016;

Shimizu et al. 2019). Muscle stiffness was calculated as an average of three measurements for each muscle. After

calculating intra-rater reliability (ICC,3) of these three measurements per task, the reliability of each muscle

stiffness was “almost perfect”: TrA, 0.93—1.00; internal oblique, 0.98—1.00; external oblique, 0.98—0.99; and rectus

abdominis, 0.93-1.00. The TrA contribution rate was calculated by dividing TrA stiffness by the sum of the

stiffnesses of all four abdominal muscles.

Spinal and pelvic alignment

Another examiner who did not operate the ultrasonic equipment carefully checked visually to ensure no obvious

trunk motion during the task. To verify the degree of spinal flexion and extension, sagittal spinal alignment was

measured twice using the Spinal Mouse (Index Ltd., Tokyo, Japan) before every measurement for muscle stiffness.

The intra-rater reliabilities (ICC; ;) were then calculated. In 12 participants, excluding 2 with data loss, ICC;; of

spinal alignment data (i.e., the sum of segmental angles from Th1/2 to L5/S) (Tateuchi et al. 2018) ranged from
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0.73 to 0.88. The average angles of thoracic kyphosis and lumbar lordosis were calculated from these data. The

average angle of pelvic posterior inclination at the height of the second sacrum measured three times using an

inclinometer (Wixey, USA) was calculated, and intra-rater reliability (ICC;,;) ranged from 0.89 to 0.98. The

average angle of the maximum spine inclination to posterior and right/left measured three times using a goniometer

was calculated.

Statistical analysis

Statistical analysis was performed using SPSS version 22.0 (SPSS Japan Inc., Tokyo, Japan). The one-way

repeated-measures ANOVA analysis was used to compare the paired datasets between tasks and to investigate

whether specific abdominal muscle stiffness or TrA contribution rates would differ depending on the task. When

a significant difference was observed, multiple comparisons corrected by the Holm method were performed as a

post-hoc test. Dunnet's test was performed to compare the thoracic kyphosis, lumbar lordosis, and pelvic

inclination angles between reference posture and other sitting tasks. Additionally, in order to examine the variation

among participants, the Pearson correlation analysis was conducted to determine the relationship between TrA

contribution rates in each task and the stiffness of the internal oblique, external oblique, and rectus abdominis in

the reference posture. A P value <0.05 was considered statistically significant.

Results

The muscle stiffness for each muscle in the various tasks is shown in Table 1. All muscle stiffnesses showed
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significant main effects of tasks in one-way repeated measures ANOVA. TrA stiffness was significantly higher in

abdominal hollowing than in all other tasks, except for contralateral trunk lean (at 20° and maximum) and foot lift.

TrA stiffness in the maximum contralateral trunk lean was significantly higher than that in the reference posture,

posterior trunk lean (at 15° and maximum), and ipsilateral foot lift. The stiffness of the internal oblique was

significantly higher in abdominal hollowing than in all other tasks, except for contralateral trunk lean (at 20° and

maximum), and was significantly higher in the maximum contralateral trunk lean than in reference posture,

posterior trunk lean (at 15° and maximum), ipsilateral trunk lean (at 20° and maximum), and ipsilateral foot lift.

The stiffness of the external oblique was significantly higher in the posterior trunk (at 15° and maximum) and

contralateral trunk leans (at 20° and maximum) than in all other tasks, but there were no significant differences

among the four tasks of the posterior trunk (at 15° and maximum) and contralateral trunk leans (at 20° and

maximum). The stiffness of rectus abdominis was significantly higher in the posterior trunk lean at maximum than

in all other tasks.

The TrA contribution rates in the various tasks is shown in Table 1. There was a significant main effect of task

in one-way repeated measures ANOVA. The TrA contribution rate in abdominal hollowing was significantly higher

than that in the posterior trunk lean (at 15° and maximum), ipsilateral trunk lean at maximum, and contralateral

trunk lean (at 20° and maximum). There was no significant difference in TrA contribution rate between abdominal

hollowing and reference posture, ipsilateral trunk lean at 20°, and ipsilateral and contralateral foot lift.

The results of thoracic kyphosis angle, lumbar lordosis angle, pelvic inclination angle, and maximum spinal

inclination angle are shown in Table 2. The thoracic kyphosis and lumbar lordosis angles were not significantly

11
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different between reference posture and other sitting tasks. The pelvic posterior inclination angle was significantly

higher in the posterior trunk lean than in reference posture.

The additional Pearson correlation analysis showed that the TrA contribution rate in those with high external

oblique stiffness in the reference posture tended to be low in the ipsilateral foot lift (r =-0.742, p = 0.002) and high

during maximum abdominal hollowing (r = 0.519, p = 0.057).

Discussion

The present study was the first, to our knowledge, to investigate noninvasively the effects of trunk lean and foot

lift exercises during sitting on abdominal muscle activity. High TrA activity was exerted in the contralateral trunk

lean and contralateral foot lift during sitting, and the TrA contribution rate in the contralateral foot lift was a similar

level to that in maximum abdominal hollowing. These exercises can be performed in elderly people and patients

with low back pain, who have difficulty with consciously contracting abdominal muscles such as abdominal

hollowing. Our results have elucidated the specific exercises which maximize the activation of TrA and improve

TrA contribution rate. Therefore, these may be useful in the consideration of targeted TrA exercises to stabilize the

trunk of elderly people and patients with low back pain.

Although the TrA activity was highest in abdominal hollowing, TrA activity in the contralateral trunk lean during

sitting showed no significant difference to that in abdominal hollowing and tended to be higher than that in

reference posture, posterior trunk lean, and ipsilateral foot lift. These results differed from our hypothesis that

higher TrA activity will be exerted in the posterior trunk lean because the spine is more unstable in flexion and

12
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extension than in lateral flexion (Yamamoto et al. 1989). The TrA may have an important role holding the trunk

and maintaining the posture predictively while other muscles contract (Hodges and Richardson 1997; Allison et

al. 2008). On the other hand, previous study showed using wire electromyography that the activity of the TrA and

internal oblique increased when pulled to contralateral sides, while the activity of the external oblique and rectus

abdominis increased when pulled posteriorly (Eriksson Crommert et al. 2017). This study supports our results.

Therefore, the present study indicates that all abdominal muscles, even the TrA working to stabilize the trunk, may

be specifically activated in postures with external moments in the opposite direction to their anatomical

orientations. Moreover, the neutral zone, which is the range of inter-vertebral motion whereby spinal stiffness (i.e.

the force required to make a constant displacement between the vertebrae) is the lowest (Panjabi 1992), has been

reported to increase with ligament damage and disc degeneration (Panjabi et al. 1989; Hasegawa et al. 2008).

Busscher et al. (2009) indicated that the lumbar vertebrae had less spinal stiffness in lateral bending in a wider

range of motion than the lower thoracic vertebrae and might have less resistance of passive tissue such as ligaments.

Therefore, TrA activity is more likely to increase in lateral trunk lean than posterior trunk lean due to its anatomical

function. The present study supports the role of TrA in increasing spinal stiffness. However, because this study did

not verify the load on the spine during the task, further studies should determine whether direction-specific activity

of the TrA reflects direction-specific properties of the spine.

The TrA contribution rate was significantly higher in the foot lift than in the posterior or the contralateral trunk

lean, which differed from our hypothesis. This may be because the stiffness of the lumbar spine and pelvis

increased with TrA activity (Tesh et al. 1987), making it easier to exert muscle strength of the hip flexors during

13
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foot lift. The reason why the activity of the rectus abdominis and oblique abdominal muscles, which are the global

muscles (Bergmark 1989), did not increase much may be because the trunk load from gravity was lower in foot

lift than in contralateral trunk lean. Therefore, the increase in TrA contribution rate in foot lift may be attributed to

these circumstances. On the other hand, the low TrA contribution rate during contralateral trunk lean may be due

to the requirement to stabilize not only the lumbopelvic region but also the entire spinal alignment against gravity,

rendering isolated TrA activity insufficient. In other words, the rectus abdominis, external oblique and internal

oblique muscles may have been activated to stabilize the thorax.

TrA acts to tighten the abdomen. It is, however, a thin muscle, therefore is independently not adequate to

contribute to spinal stiffness. It is hence suggestive that TrA plays a supportive role in helping the activities of

other abdominal muscles. Therefore, high TrA contribution rate (i.e. higher TrA activity when those of other

abdominal muscles remain unchanged) may be important in allowing for more effective increase of intra-

abdominal pressure, which leads to the increase of spinal stiffness (Hodges et al. 2005; Hides et al. 2006). However,

a recent Cochrane review about nonspecific low back pain reported that there were no differences in the effect on

improving disability due to low back pain between the specific training for TrA and multifidus muscles and general

trunk exercises such as stretching and resistance training (Saragiotto et al. 2016). This is believed to be due to

diversity of potential causes of nonspecific back pain (Kiesel et al. 2007). Thus, specific training of the TrA may

not necessarily be important for all low back pain patients. In the present study, the variation in the degrees of

abdominal muscle stiffness among participants may have affected our results. The additional Pearson correlation

analysis have verified the relationship between the TrA contribution rates in each task and the stiffness of the

14
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internal oblique, external oblique and rectus abdominis muscles in the reference posture. The results showed that

TrA contribution rate in those with high stiffness of external obliques in the reference posture tended to be low

during ipsilateral foot lifting (r =-0.742) and high during maximum abdominal hollowing (r = 0.519). This suggest

that the particular exercises required to improve TrA contribution rate may differ according to the properties of

abdominal muscles during the sitting position. Further study should better understand which subgroups of patients

with low back pain require exercise with a high TrA contribution rate (Hill et al. 2008; Macedo et al. 2014).

In this study, characteristics of abdominal muscles were investigated using SWE. Since measurement values of

muscle stiffness in this study were similar to those in a previous SWE study (Shimizu et al. 2019), verification of

abdominal muscle activities using abdominal muscles’ stiffnesses is considered appropriate. Neuromuscular

activity measured by a surface or wire electromyography and muscle thickness by an ultrasonic device have been

commonly used to verify abdominal muscle activity. However, abdominal muscle thickness changes during

contraction may not necessarily be proportional to increases in abdominal muscle activities (Hodges et al. 2003;

Whittaker et al. 2013). In addition, surface electromyography cannot measure the TrA, a deep muscle, and wire

electromyography is invasive. The SWE in the present study can measure a deep muscle noninvasively and may

be useful for verifying abdominal muscle (especially TrA) activity.

This study had some limitations. First, spinal lateral flexion and rotation could not be evaluated objectively.

Since spinal motion greatly influences abdominal muscle activity because of abdominal muscle anatomy, the

experiment paid attention to spinal motion. To avoid fatigue due to an increase in the number of tasks measured,

only spinal mobilities in flexion and extension were measured by the Spinal Mouse. However, there were no

15
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significant differences in thoracic kyphosis, lumbar lordosis, and pelvic inclination angles between tasks; thus,

evident spinal motion probably did not occur in this study. The second limitation was that only men participated

in the present study. The mobilities of and load on the sacroiliac joint are reported to be greater in women than in

men (Joukar et al. 2018); therefore, since lower fibers of the TrA increase the stiffness of the sacroiliac joint, results

may differ in a female study population. Third, the tasks used in present study were not exercises whereby TrA

was activated in isolation. Lastly, they may not be appropriate for all patients with low back pain.

Conclusion

This study investigated noninvasively the effects of trunk lean and foot lift exercises during sitting on abdominal

muscle activity. Higher TrA activity was exerted by leaning the trunk to the contralateral side and lifting the

contralateral foot. Furthermore, TrA contribution rate in the contralateral foot lift was similar to that in maximum

abdominal hollowing. As elderly people and patients with low back pain who have difficulty in consciously

contracting abdominal muscles can easily perform trunk lean and foot lift during sitting, these results may be useful

for rehabilitation to stabilize the trunks in elderly people and patients with low back pain.
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Fig. 1 Task postures. a reference posture; b posterior trunk lean; c ipsilateral trunk lean; d contralateral trunk lean;

e ipsilateral foot lift; f contralateral foot lift; g abdominal hollowing with maximal effort. The reference posture

was defined as a natural posture for each participant where the perpendicular line from ear hole to the floor was

between the anterior and posterior superior iliac spine on the sagittal plane
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Fig. 2 Representative images and measurement sites of the stiffness of abdominal muscles
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Table 1 The stiffnesses of abdominal muscles and the contribution rate of transversus abdominis during tasks

Transversus Internal External Rectus Contribution
abdominis oblique oblique abdominis rate of
[kPa] [kPa] [kPa] [kPa] transversus
abdominis
[%]
2,3,4,5,6,9 2,3,4,5,6,9,10 2 3,4,6,7,8
Abdominal hollowi
ominatioriowing 305+ 180 4824209 124493 182489 33.8+75
with maximal effort (1)
3,4
Ref tu
elerenice posture o 113%47 138+7.9 6.8+43 79+32 28.7+84
1,2,5,6,9,10 2,79
Posterior trunk |
osterior frunk fean 123+£107  113+10.01  363+141  361+190  120+77
at 15° (3)
1,2,5,6,9,10 1,2,3,5,6,7,8,9,10
Posterior trunk lean
93+43 10.7+4.8 66.4+21.1 70.6 £22.0 6.1+2.8
at max (4)
4
Ipsilateral trunk 1
pstiatetal ffufk fean 133+6.4 143460 8.0+49 180+17.7  259+89
at 20° (5)
3,4 2 3,4
Ipsilateral trunk 1
pstiatetal ffufk fean 18.8+9.4 205+101 128469 201102  258+7.0
at max (6)
2,4 3,459 1,2,5,6,9,10 4
Contralateral trunk 1
ontrafateral trunf fea 19.6+ 8.1 2654106  421+103 137462 19.5+7.7
at 20° (7)
2,349 2,3,4,5,6,9 1,2,5,6,9,10 4
Contralateral trunk 1
ontrafateral trunk featl 261+115  361+153 554190  27.7+184  183+7.0
at max (8)
3,4,8
Ipsilateral foot lift
pstatetat oot g 14046 154+ 6.4 9.6+7.0 92457 293+77
2,4 2.4 3,4,7.8
Contralateral foot lift
ontrafateral foot 1 (o) 180%73 20.7+77 71471 13.6+114  312+88
425  Values are expressed as mean + standard deviation
426 "1 P <0.05 vs. the task, which is corresponded to numbers
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Table 2 Spinal alignment during each task

Thoracic Lumbar Pelvic Spinal
kyphosis [°] lordosis [°] inclination [°] inclination [°]
(n=12) (n=12) (n=14) (n=14)
Reference posture 29.1+6.0 28+73 1.0+£9.1
Posterior trunk lean 31.0+6.1 40+96 119488 *
at 15°
Posterior trunk 1
ostertor truik fean 320464 58480 2484115 * 287452
at max
Ipsilateral trunk 1
pstiateral trurik fean 340482 109+ 10.8 15496
at 20°
Ipsilateral trunk 1
pstiateral trurik fean 29.6+68 82+ 64 18489 285+38
at max
Contralateral trunk 1
ontratateral truni fean 312464 87+76 14495
at 20°
Jateral trunk |
Contralateral trunk lean 31.1+68 68469 42487 294+46
at max
Ipsilateral foot lift 282+59 79+84 1.7+10.1
Contralateral foot lift 26.8+6.0 7.1+6.5 02+99

Values are expressed as mean + standard deviation

The positive values in pelvic inclination represent the sacral posterior inclination angle on the sagittal plane

* P <0.05 vs. reference posture
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