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Abstract: In popular fitness modalities, the participants often perform abdominal breathing while
maintaining stable or rather unstable as well as inverted body stances that may challenge the
respiratory muscles’ activation. This study aimed to examine the abdominal breathing effect on
postural stability and the respiratory muscles’ activation during four body stances: the Upright
Stance, the Quadrupled Inverted V, the Elbow Side-Bridge, and the Headstand. Participants (1 = 29)
maintained (40 s) the body stances under regular and abdominal breathing (the latter verified
through visual inspection and 3D inertial sensing of the abdominal wall angular displacements,
LORD-MicroStrain®, 100 Hz, MicroStrain, Inc., Williston, VT, USA). The trajectory of the center of
pressure (CoP) (Kistler force plate, 100 Hz, Kistler Group, Winterthur, Switzerland) was recorded in
synchronization with the respiratory muscles’ (sternocleidomastoid, external intercostals, diaphragm,
rectus abdominis) vibromyographic activation (Biopac VMG sensors, 2000 Hz, Biopac Systems, Inc.,
Santa Barbara, CA, USA). Abdominal breathing had a significant (p < 0.05) deteriorating effect on
postural stability and an increasing one on the respiratory muscles” activation; however, this was not
consistent across body stances. The body stance specificity of the abdominal breathing effect justifies
the purpose of the present study. Thus, before the request for abdominal breathing in popular fitness
modalities, one should acknowledge the postural and the breathing demands of each particular
stance, particularly for the inverted ones.

Keywords: diaphragmatic breathing; balance; postural control; center of pressure; vibromyography;
respiration; unstable body stances; headstand; elbow side-bridge; inertial sensing

1. Introduction

Abdominal breathing (widely known as diaphragmatic breathing) is probably the
most discussed purposeful breathing variation due to its association with complementary
and alternative therapies [1,2]. Abdominal breathing is characterized by a slow and deep
breathing pattern [1,3-5], during which the diaphragmatic contraction pushes the viscera
downward and forward (i.e., diaphragm-related abdominal expansion) [6]. Through its
influence on the respiratory muscles’ activation [7], abdominal breathing also appears to
affect postural stability [7,8].

The breathing effect on postural stability is associated with the respiratory muscles’
effect (diaphragm and abdominals) on trunk stability [9-12]. In specific, in coordination,
the diaphragm and the abdominal muscles produce a hydraulic effect in the abdominal
cavity, which assists spinal stabilization by stiffening the lumbar spine through increased
intra-abdominal pressure [9-12]. During regular quiet breathing, expiration is performed
by the passive recoil of the diaphragm [13] rather than a purposeful contraction of the
abdominal muscles. In abdominal breathing, the flattening of the diaphragm exerts a
pressure difference in the abdominal cavity, which is accompanied by an increase in the
elastance of the abdomen to allow the characteristic forward projection of the abdominal
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wall [14]. However, in abdominal breathing, the abdominal muscles perform an intense
purposeful contraction to increase the intraabdominal pressure [13,15,16] to push upwards
the flattened (due to deep inspiration) diaphragm [15] instead of the passive recoil of the
diaphragm observed in regular quiet breathing [13].

The breathing process itself is an endogenous source of postural stability
disturbance [7,17-21]. The vast majority of the studies concerning the effect of abdominal
breathing on either postural stability or the respiratory muscles’ activation employ every-
day living postures such as the upright stance [7,8] or variations of the sitting stance [7],
mainly aiming at clinical applications [7] or sedentary healthy individuals [8]. However,
healthy and physically active individuals participating in popular fitness modalities often
practice a purposeful abdominal breathing pattern while maintaining a variety of stable or
unstable non-everyday living body stances that challenge not only their postural stability
but also their respiratory muscles’ activation. Examples of such widely used body stances
are the side-support position (known as the Elbow Side-Bridge), the Quadruped Inverted
V stance, and the Headstand. In specific, the Elbow Side-Bridge lies within the middle to
upper range in the progression of the postural stability continuum [22-25] with the rectus
abdominis (main expiratory muscle) activated at 15% [25] to 24% [24] of its maximum vol-
untary contraction [22]. Inverted stances induce postural instability and elicit compensatory
motor control strategies (enhanced motion at the distal segments of the legs and the elbow
joint to minimize motion variability in the head and trunk) [26-33]. The inverted body
stances also challenge the breathing mechanics as the respiratory muscles are necessitated
to reverse their normal activation pattern, and expiration is resisted rather than assisted
by the gravitational forces. Concerning the Headstand inverted stance, even during the
regular breathing type, the neck area adopts the antigravity support role and sustains rather
muscular and spinal loads, contrasting or exaggerating those that the neck respiratory
muscles (i.e., sternocleidomastoid muscle) are designed for [26,28,29]. Furthermore, the
increased lateral deviations in the thoracic spine during the Headstand stance [26,28,29]
may also affect the activation of the respiratory muscles attached to the thorax such as
the external intercostal muscles. Yet, to the best of our knowledge, and despite the wide
use of abdominal breathing in popular fitness modalities while the participants maintain
rather unstable or inverted body stances, there is a lack of data concerning the abdominal
breathing effect, either on postural stability or the respiratory muscles’ activation.

Thus, the present study aimed to examine the abdominal breathing effect on postural
stability and the respiratory muscles’” activation in stable, rather unstable, and inverted body
stances that are commonly employed in popular fitness modalities, such as the Upright
Stance, the Quadruped Inverted V, the Elbow Side-Bridge, and the Headstand.

2. Materials and Methods
2.1. Participants

Twenty-nine healthy men and women (age: 32.6 + 9.7 and 22.6 + 4.9 years, height:
173.8 £ 10.0 and 166.3 + 6.2 cm, body mass: 72.1 £ 9.0 and 59.3 £+ 7.2 kg, for the men
(n = 8) and the women (n = 21), respectively) were selected among those who volunteered
as participants after a public announcement or personal invitation. The inclusion criteria
(no musculoskeletal injury during the past 2 months, no history of high blood pressure, no
known respiratory or vision disorder) aimed to ensure that they could safely maintain the
inverted postures while performing an abdominal breathing pattern. All participants were
fully informed about the purpose of the study, and informed consent was obtained from
all. A participation clearance was provided only after the completion of a familiarization
session aimed to ensure that the volunteers could perform all four body stances (Figure 1)
and maintain them for 40 s, as well as the fact that they could perform the abdominal
breathing pattern.
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Figure 1. The four body stances of the experimental protocol and the positioning on the force plate.

The sample size was decided using the G-Power software (version 3.1.9.7, Hein-
rich Heine University, Dusseldorf, Germany) [34,35]. On the basis of the study results
of Kim et al. [8] and Hernandez et al. [36], as well as our preliminary data collection
(n =10, 6 women and 4 men), the effect size f was set to 0.25, the alpha level was set to 0.05,
the power was set to 0.90, and the correlation among repeated measurements was set to
0.70 (in our preliminary data collection, the average correlation among the regular and the
abdominal breathing variables was r = 0.70 across both the postural stability and respiratory
muscles’ activation). These settings indicated a minimum sample size of 28 participants.

2.2. Abdominal Breathing Visual and Experimental Verification

The verification of the abdominal breathing pattern was performed both visually by
an experienced examiner as well as experimentally through 3D inertial sensing of the
abdominal wall displacements, as described in continuance. The visual verification of
the abdominal breathing pattern was conducted by an experienced examiner during the
familiarization session. The experienced examiner evidenced the two characteristic visual
alterations of the abdominal wall between regular and abdominal breathing. In specific,
she verified the intense abdominal wall expansion during the inspiration phase (without
observable motion in the upper thorax) as well as its subsequent intense flattening and
inward pull during the expiration phase [6,37].

The experimental verification of the abdominal breathing pattern was conducted
through 3D inertial sensing of the abdominal wall angular displacements in synchroniza-
tion with the CoP and the VMG recordings (described in continuance). Following previous
studies [38—40], a triaxial inertial sensor (LORD MicroStrain®, 3DM-GX3®-45, sampling
at 100 Hz in synchronization with the center of pressure (CoP) and the vibromyographic
(VMG) recordings) was used to record the 3D angular displacement of the abdominal wall
(roll, pitch, and yaw Euler angles, in degrees) during the regular and the abdominal breath-
ing trials. Synchronization was attained using a custom-made electronic device through
which all three computer mouses, via a single push button switch, were simultaneously
actuated to initiate their respective software.

With the participant in the Upright Stance, the inertial sensor was securely positioned
on the left side of the abdominal wall, at 2 cm distance from the umbilicus, and at 2 cm
above the umbilicus height (Figure 2). Taken as reference, in the Upright Stance position,
the anatomical calibration of the inertial sensor positioning indicated the following ab-
dominal wall displacement for the inspiration and expiration phases: the roll angle as
the downwards and upwards motion in the sagittal plane (rotation around the frontal
horizontal axis), the pitch angle as the sidewards motion in the frontal plane (rotation
around the anteroposterior axis), and the yaw angle as the outwards and inwards motion
in the transverse plane (rotation around the sagittal axis).
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Figure 2. Positioning of the VMG and inertial sensors: All VMG sensors were positioned on the right
body side. The inertial sensor used to verify the abdominal breathing pattern was positioned on
the left body side, 2 cm distance from the umbilicus and at 2 cm above the umbilicus height. All
sensors were well secured using medical adhesive tape throughout all trials. (1) Sternocleidomastoid
muscle (SCM): over the middle third of the muscle’s length. (2) External intercostal muscles (Ext-IC):
between the second and third intercostal spaces. (3) Diaphragm: between the seventh and eighth
anterior intercostal spaces, in the projection of the midclavicular line. (4) Diaphragm: a purposeful
drawing of the abdominal wall was asked to facilitate the visualization of the sensor’s positioning.
(5) Rectus abdominis (RA): at the umbilicus height and a 2 cm distance from the umbilicus.

During the abdominal compared to the regular breathing trials, the angular displace-
ment path of the abdominal wall was significantly greater in all three directions (roll, pitch,
yaw) (Figure 3) (p < 0.05), which, together with the visual verification of the experienced
examiner, safely allowed the documentation of the abdominal breathing pattern. The
non-significant difference of the abdominal wall angular displacement in the roll (p = 0.136)
and the pitch (p = 0.057) Euler angles during the Elbow Side-Bridge (Figure 3) was reasoned
and expected. Due to its rather narrow and long base of support, the Elbow Side-Bridge
necessitates a high level of activation concerning the abdominal muscles who must work
as trunk stabilizers [24,25] against a rather unstable body equilibrium.

2.3. Experimental Procedure

The participants were instructed to maintain (40 s, barefoot) four body stances, namely,
the Upright Stance, the Quadruped Inverted V, the Elbow Side-Bridge, and the Headstand
(Figure 1). They maintained all body stances under two breathing conditions: regular and
abdominal breathing, both at their preferred respiration frequency. The body stances as
well as the breathing types were presented in a rotation order, aiming to obtain a similar
number of participants in each body stance x breathing type combination. In all Headstand
trials, a trained assistant was standing next to the participant to cushion a case of balance
loss. Moreover, a thick mat was positioned in the potential falling area in the case of balance
loss, during the Elbow Side-Bridge and the Headstand trials. A total of three successful



Biomechanics 2022, 2

482

trials were obtained per participant in each body stance x breathing type combination.
One minute rest was allowed among trials of the same body stance, and 3 min rest before

initiating the subsequent body stance trials.
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Figure 3. Abdominal breathing verification. Top and Left: Exemplary data for the inertially sensed

angular displacements (Roll, Pitch, Yaw) of the abdominal wall during the regular (grey lines) and

the abdominal (black lines) breathing in the Upright Stance. Right: Percentage of difference for the

Roll, Pitch, and Yaw Euler angle with significance (*) of differences at p < 0.05 (paired ¢-test, SPSS

26.0). ns: non-significant abdominal breathing effect (p > 0.05).

2.4. Postural Stability: Data Collection and Data Procession

A force plate sampling at 100 Hz (Kistler Type 9286AA force plate, Bioware Data
Acquisition and Analysis Software, version 3.2.6, Kistler Instrument, Winterthur, Switzer-
land) was used to record the 2D trajectory of the center of pressure (CoP) during all body
stance x breathing type trials. A 10 Hz low pass filter (Bioware software filtering options)
was applied to all CoP trajectories. To exclude the initiation phase, in all trials, the first 5 s
of the CoP trajectories were not used. Thus, from the remaining 30 s, the following CoP
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variables were extracted (Bioware Software): the CoP Path (mm) and the CoP range (mm)
in the anterior—posterior (AP-ax) and the medial-lateral (ML-ay) direction, respectively, as
well as the CoP Area (mm/?). The OriginPro 9.0 software (SR1 b76) was used to calculate
the CoP Sway area (90% confidence elliptical area) [41]. In continuance, for each postural
stability variable, the three trial average (in each body stance x breathing type condition)
consisted of the value inserted in statistical analysis.

2.5. Respiratory Muscles” Activation: Data Collection and Data Procession

In synchronization with the force plate recordings (simultaneous initialization of the
software used for data collection), four vibromyography sensors (sampling at 2000 Hz,
MEMS, MP150, AcqKnowledge software v. 5.0, Biopac Systems, Inc., Santa Barbara, CA,
USA) [42] were used to record the respiratory muscles’ activation (Figure 2). On the basis
of previous studies, two inspiratory and two expiratory muscles were tested. In specific,
the two inspiratory muscles were the sternocleidomastoid (SCM) [43—45] and the external
intercostal (Ext-IC) [44—47]. The two expiratory muscles were the Diaphragm [44-50] and
the rectus abdominis (RA) [51]. The VMG sensors were secured with unelastic tape (one
sensor per muscle) on the right side of the body (Figure 2) as follows: the SCM sensor
was positioned over the middle third of the muscle’s length [46], the Ext-IC sensor was
positioned between the second and third intercostal space at the midclavicular line [42,45],
the Diaphragm sensor between the seventh and eighth anterior intercostal space at the
midclavicular line [42,45,46], and the RA sensor at the umbilicus height and a 2 cm distance
from the umbilicus [52].

Before variable extraction, the raw VMG signal was filtered (Matlab R2018A, Math-
works) (5-100 Hz bandpass filter with a cut-off threshold at three standard deviations of
the mean value, followed by signal rectification and a final low-pass filter at a 6 Hz cut-off
frequency). In continuance, for the 30 s VMG signal, the mean and the standard deviation
of the VMG amplitude were calculated separately for each one of the respiratory muscles
(expressed in VMG units, according to the AcqKnowledge Biopac software v.5.0). Thus,
two variables were defined concerning the activation of each respiratory muscle, that is,
the VMG intensity (mean value of the VMG amplitude) and the VMG variation (standard
deviation of the VMG amplitude). In continuance, in each body stance x breathing type
condition, the three trial average of the VMG intensity and the VMG variation was the
value inserted in the statistical analysis.

2.6. Data Reliability

A concern of this study was the minimum number of trials per posture and breathing
type that would allow reliable results while also minimizing a potential confounding
effect due to fatigue. Thus, two reliability analyses were performed, one before and one
after the experimental data collection procedure. There are several forms of the intraclass
correlation coefficient (ICC), but considering that the reliability that is in question is in
absolute agreement, the random effects, two-way, absolute agreement method (also known
as ICC (2,1)) was decided as the most appropriate for the present study [53,54]. The ICC’s
upper and lower bounds of their 95% confidence interval (95% CI) were also extracted.

In the reliability analysis before the experimental data collection (a total of five trials)
of the ICCs concerning the CoP path were estimated for the trial accumulation from 1 to
2,1to3,1to4, and 1 to 5 across all body stance x breathing type conditions, and the
Fleiss [55] classification was used to estimate the ICCs (poor if ICC < 0.40, fair to good
if 0.40 < ICC < 0.75, high if ICC > 0.75). The reliability analysis before the experimental
data collection procedure indicated three trials as sufficient to obtain a fair to good CoP
path reliability (ICCs above 0.70) [55] for the CoP path variable, naming the fundamental
postural stability variable. Thus, a total of three trials were decided for the experimental
data collection procedure. The reliability analysis after the data collection procedure
verified a high CoP (ICCs above 0.85), as well as a high VMG (ICCs above 0.90) reliability,
across all body stance x breathing type conditions.
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2.7. Statistical Analysis

To test the abdominal breathing effect, one-way ANOVA for repeated measures was
applied on the postural stability variables as well as on the variables concerning the
respiratory muscles’ activation, separately in each body stance. The level of significance
was set at p < 0.05 (SPSS version 26.0, IBM Statistics, Armonk, NY, USA).

3. Results
3.1. Abdominal Breathing Effect on Postural Stability

Abdominal breathing had a significant deteriorating effect on postural stability (ev-
idenced as an increase in the CoP variables) in the Upright Stance and the Headstand
(p < 0.05); however, it did not affect postural stability in the Quadruped Inverted V and
the Elbow Side-Bridge (Figure 4, Table 1). In specific, in the Upright Stance, the abdominal
breathing increased significantly (p < 0.05) in both the AP and ML CoP Path, the CoP Range
(only in the AP direction), with no significant alteration in the CoP Area (p > 0.05) (Figure 4,
Table 1). In the Headstand, the abdominal breathing increased significantly (p < 0.05) the
CoP Range (AP and ML direction) as well as the CoP Area, with no significant alteration in
the CoP Path (p > 0.05) (Figure 4, Table 1).

Table 1. Statistical indices of the abdominal breathing effect on postural stability variables (CoP Path,
CoP Range, CoP Area) in each one of the four body stances.

F Sig. (p Value) Observed Power Cohen’s f Effect Size
Upright Stance
Cop Path
AP 6.8 0.014* 0.71 0.49
ML 5.97 0.021* 0.66 0.46
CoP Range
AP 9.59 0.004 * 0.85 0.59
ML 1.54 0.225"™ 0.22 0.23
CoP Area 2.98 0.095 "¢ 0.39 0.33
Quadruped Inverted V
Cop Path
AP 1.33 0.259 1 0.20 0.22
ML 0.19 0.669 ™ 0.07 0.08
CoP Range
AP 0.75 0.395 " 0.13 0.16
ML 0.16 0.696 ™ 0.07 0.07
CoP Area 0.48 0.495 " 0.10 0.13
Elbow Side-Bridge
Cop Path
AP 3.9 0.058 1 0.48 0.37
ML 0.98 0.330 ™ 0.16 0.19
CoP Range
AP 0.04 0.850 ™ 0.05 0.00
ML 0.29 0.596 0.08 0.04
CoP Area 0.81 0.375™¢ 0.14 0.10
Headstand
Cop Path
AP 0.22 0.643 ™ 0.07 0.09
ML 0.64 0.431 "™ 0.12 0.15
CoP Range
AP 9.24 0.005 * 0.84 0.57
ML 4.61 0.041* 0.55 0.41
CoP Area 4.27 0.048 * 0.51 0.39

AP: anterior—posterior direction, ML: medial-lateral direction. * Significant abdominal breathing effect (p < 0.05),
ns: non-significant abdominal breathing effect (p > 0.05). Cohens’ f effect size convention: small f = 0.10, medium
f=0.25, large f = 0.40.



Biomechanics 2022, 2

485

B Regular = Abdominal

CoP Path CoP Range CoP Area
Upright Stance
600 - 50 - 0.4 -
500 -| | ns
400 o 03 1
£ ] E30 - * a8
£ 300 - E £o02
* 20 - ns &
200 - * i
100 - 10 - -
0 - 0 - 0 -
AP ML AP ML
Quadruped Inverted V
600 - 50 - 0.4 -
ns
500 - a0

- N ns

T 400 30 -

£ 300 - E
200 - ns 20 1 HE
100 - 10

0 - 0 -
AP ML AP ML
Elbow Side-Bridge
600 - 50 - 0.4 -
ns
500 i
— 200 | 03 -
E30 - ns 'é'

E 300 - = E02 - ns
200 - ns e o1
100 - 10 - =

0 - 0 - 0 -
AP ML AP ML
Headstand

1600 - 100 - 4
1400 | *

1200

£ 1000 1
*

E 800
600 1
400 |
200

0 _
AP AP ML

Figure 4. Abdominal breathing effect on postural stability: Mean (SD) of the postural stability
variables (CoP Path, CoP Range, CoP Area) for the anterior—posterior (AP) and medial-lateral
(ML) direction, in the Upright Stance, the Quadruped Inverted V, the Elbow Side-Bridge, and the
Headstand, during the regular (grey bars) and the abdominal (black bars) breathing. * Significant
abdominal breathing effect (p < 0.05), ns: non-significant abdominal breathing effect (p > 0.05).

3.2. Abdominal Breathing Effect on the Respiratory Muscle’s Activation

Abdominal breathing had a significant increasing effect (p < 0.05) on the respiratory
muscles” VMG intensity as well as on the VMG variation; however, this was not consistent
across all body stances and all muscles (Figure 5, Tables 2 and 3). In specific, during
the Upright Stance, the abdominal breathing significantly increased the VMG intensity
and the VMG variation of the Diaphragm and the RA (p < 0.05), with no significant
effect on the SCM and the Ext-IC muscles (p > 0.05) (Figure 5, Tables 2 and 3). In the
Quadruped Inverted V, the abdominal breathing significantly increased the VMG variation
of the SCM and the RA (p < 0.05), with no significant effect (p > 0.05) on either the VMG
variation of the other two examined muscles or the VMG intensity of all four respiratory



Biomechanics 2022, 2

486

muscles (Figure 5, Tables 2 and 3). In the Elbow Side-Bridge, the abdominal breathing
significantly increased the VMG intensity of the SCM (p < 0.05) and both the VMG intensity
and the VMG variation of the RA (p < 0.05), with no significant effect on the other two
examined muscles (p > 0.05) (Figure 5, Tables 2 and 3). In the Headstand, the abdominal
breathing significantly increased the VMG intensity as well as the VMG variation of the
Diaphragm (p < 0.05), with no significant effect on the other three respiratory muscles
(p > 0.05) (Figure 5, Tables 2 and 3).
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Figure 5. Abdominal breathing effect on the respiratory muscles’ activation: VMG intensity and
VMG variation during the regular (grey bars) and the abdominal (black bars) breathing in each body
stance. SCM: sternocleidomastoid muscle, Ext-IC: external intercostal muscles, RA: rectus abdominis
muscle. * Significant abdominal breathing effect (p < 0.05), ns: non-significant abdominal breathing
effect (p > 0.05).



Biomechanics 2022, 2 487

Table 2. Statistical indices of the abdominal breathing effect on the VMG intensity of the respiratory
muscles (SCM, Ext-IC, Diaphragm, RA) in each one of the four body stances.

F Sig. (p Value) = Observed Power Cohen’s f Effect Size
Upright Stance
SCM 1.88 0.1821 0.26 0.26
Ext-IC 0.27 0.606 ™ 0.08 0.10
Diaphragm 12.46 0.001 * 0.93 0.67
RA 9.97 0.004 * 0.86 0.60
Quadruped Inverted V
SCM 2.08 0.160 ™ 0.29 0.27
Ext-IC 0.09 0.767 "¢ 0.06 0.06
Diaphragm 1.85 0.184 0.26 0.26
RA 3.03 0.093 ™ 0.39 0.33
Elbow Side-Bridge
SCM 5.02 0.033 * 0.58 0.42
Ext-1C 0.09 0.773 1 0.06 0.05
Diaphragm 2.61 0.117 ™8 0.35 0.31
RA 10.05 0.004 * 0.86 0.60
Headstand
SCM 131 0.263 ™ 0.20 0.22
Ext-IC 0.02 0.889 " 0.05 0.03
Diaphragm 10.66 0.003 * 0.88 0.62
RA 0.93 0.343 ™ 0.15 0.18

SCM: sternocleidomastoid muscle, Ext-IC: external intercostal muscles, RA: rectus abdominis muscle. * Significant
abdominal breathing effect (p < 0.05), ns: non-significant abdominal breathing effect (p > 0.05). Cohen’s f effect
size convention: small f = 0.10, medium f = 0.25, large f = 0.40.

Table 3. Statistical indices of the abdominal breathing effect on the VMG variation of the respiratory
muscles (SCM, Ext-IC, Diaphragm, RA) in each one of the four body stances.

F Sig. (p Value) Observed Power Cohen’s f Effect Size
Upright Stance
SCM 0.31 0.580 "¢ 0.08 0.11
Ext-IC 0.44 0.514 "¢ 0.10 0.12
Diaphragm 20.22 0.000 * 0.99 0.85
RA 39.83 0.000 * 1.00 1.19
Quadruped Inverted V
SCM 6.96 0.013 * 0.72 0.50
Ext-IC 0.97 0.333 ¢ 0.16 0.19
Diaphragm 22.47 0.000 * 1.00 0.90
RA 13.82 0.001 * 0.95 0.70
Elbow Side-Bridge
SCM 0.28 0.604 "¢ 0.08 0.10
Ext-IC 0.17 0.688 1 0.07 0.08
Diaphragm 0.14 0.714 ¢ 0.07 0.07
RA 9.08 0.005 * 0.83 0.57
Headstand
SCM 1.65 0.210™¢ 0.24 0.24
Ext-IC 0.42 0.5251s 0.10 0.12
Diaphragm 441 0.045 * 0.53 0.40
RA 1.15 0.293 1 0.18 0.20

SCM: sternocleidomastoid muscle, Ext-IC: external intercostal muscles, RA: rectus abdominis muscle. * Significant
abdominal breathing effect (p < 0.05), ns: non-significant abdominal breathing effect (p > 0.05). Cohen’s f effect
size convention: small f = 0.10, medium f = 0.25, large f = 0.40.
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4. Discussion

The present study aimed to examine the abdominal breathing effect on postural
stability and the respiratory muscles” activation during stable as well as rather unstable
body stances used in fitness modalities. The results of the study indicate that abdominal
breathing had a significant deteriorating effect on postural stability (evidenced as an
increase in the CoP variables) as well as an increasing effect on the respiratory muscles’
activation; however, this effect was not consistent across body stances. Furthermore, it was
not consistent across the postural stability variables, as well as across all respiratory muscles.

4.1. Postural Stability

In specific, the deteriorating effect of abdominal breathing on postural stability was
significant for the Upright Stance and the Headstand but not for the Quadruped Inverted V
and the Elbow Side-Bridge. The significant abdominal breathing effect on postural stability
of the Upright Stance and the Headstand was evidenced in both the AP and ML CoP
directions, but it was not consistent across all CoP variables in both body stances.

In specific, when abdominal breathing was practiced during the Upright Stance, the
CoP Path and the CoP Range were significantly increased but not the CoP area. However,
when abdominal breathing was practiced during the Headstand, the CoP Range and the
CoP Area were significantly increased but not the CoP Path. The results of our study
are in agreement with Hernandez et al. [36], who found that the abdominal compared
to regular breathing produced a significant increase in the examined CoP variables (CoP
variability). During the Upright Stance, the increase in the CoP Path under abdominal
breathing may be associated with an increase in the respiratory amplitude compared to
regular breathing [17,19,56].

The breathing process itself is an endogenous source of postural stability distur-
bance [7,17-21] due to the anatomical displacements that take place. The respiration
process causes changes in the projection of the center of gravity of the human body rela-
tive to the boundaries of the support base, which requires a counterbalancing response
through the CoP trajectory so that body equilibrium is maintained as stable as possible [57].
Abdominal breathing is characterized by a slow and deep breathing pattern [5], during
which the diaphragmatic contraction pushes the viscera downward and forward (i.e.,
diaphragm-related abdominal expansion) [6,19,57,58]. Abdominal breathing also appears
to affect postural stability through its influence on the respiratory muscles’ activation [7,8]
and specifically through the respiratory muscles’ effect on trunk stability [9-12].

During regular quiet breathing, expiration is performed by the passive recoil of the
diaphragm [13]. However, in abdominal breathing, the higher activation of the abdominal
muscles is associated with their purposeful contraction to increase the intra-abdominal pres-
sure by pushing the diaphragm upwards, rather than the passive recoil of the diaphragm
observed in regular breathing [13]. In specific, in coordination, the diaphragm and the
abdominal muscles produce a hydraulic effect in the abdominal cavity that assists spinal sta-
bilization by stiffening the lumbar spine through increased intra-abdominal pressure [9-12].
Moreover, during abdominal breathing, there is a shift in abdominal organs due to the
pressure difference exerted by the diaphragm, which is accompanied by an increase in the
elastance of the abdomen to allow the abdominal wall to project forward as the abdominal
organs shift due to pressure [14]. Subsequently, the abdominal muscles contract to increase
the intraabdominal pressure [13,15,16] and to act against the flattened diaphragm due to
deep inspiration [15].

4.2. Respiratory Muscles” Activation

In the present study, abdominal breathing appeared to significantly increase the
activation of the diaphragm and the RA muscle, while the SCM and the Ext-IC showed
no significant difference. It must be noted that the abdominal breathing effect on the
respiratory muscles’ activation was examined for the overall breathing cycle, without
distinction between the inspiration and the expiration phase. The inconsistent across-body
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stances effect of abdominal breathing on the respiratory muscles’ activation may be possibly
associated with the findings of Nelson [59], who suggests that the type of breathing affects
the way the respiratory muscles are used for postural stability as well as non-breathing
movements. When the breathing effort increases, the increased inspiratory demand would
inevitably reduce the respiratory muscles” ability to perform their postural duties [12],
which may lead to reduced postural control [8]. Thus, it is likely that the increase in the
breathing effort may differentially affect postural stability in stable compared to rather
unstable body stances as, for example, the inverted body stances. Thus, the different
breathing mechanics (deep and slow inspiration as well as maximum expiration) in the
abdominal compared to regular breathing may explain the increased activation of the
diaphragm and the RA during the Upright Stance and the Elbow Side-Bridge. These
results are consistent with previous studies demonstrating that during the Elbow Side-
Bridge, the activation of the RA muscle was greater in maximum expiration compared
with resting expiration [60]. The non-significant difference of the SCM and the Ext-IC
activation between the regular and abdominal breathing across all body stances agrees
with previous studies [61-63] and may be explained by the demand for a stable ribcage
during abdominal breathing [19,64]. In specific, the Ext-IC activation was found to differ
between breathing types that induce a ribcage movement and those that necessitate a still
ribcage as the upper-costal [61] and mixed type (costo-diaphragmatic) [62] respiration.

A body stance specificity could explain the non-consistency of the abdominal breath-
ing effect on the respiratory muscles’ activation. The Elbow Side-Bridge requires a high
activation of the abdominal muscles throughout the respiratory cycle to maintain body
stability [24] and to prevent the projection of the body’s center of gravity beyond the limits
of the support base, making abdominal breathing rather non-feasible. In our study, the kine-
siological contradiction for an intense relaxation of the abdominal muscles in the expiration
phase during the elbow side bridge posture was evidenced in the inertially sensed similar
angular displacements of the abdominal wall in both regular and abdominal breathing.
Concerning the Quadruped Inverted V, the rather larger base of support and the rather
central projection of the body’s center of gravity during the quadruped inverted V stance
may most likely explain the inability of abdominal breathing to induce a postural stability
difference compared to regular breathing [65]. The inverted stances are expected to induce
postural instability and elicit compensatory motor control segmental strategies (enhanced
motion at the distal segments of the legs and the elbow joint in order to minimize motion
variability in the head and trunk) [26-33]. The isometric contraction of the abdominal mus-
cles is among the segmental motor control strategies aiming at postural stability correction
during inverted body stances (i.e., handstand) [29]. Furthermore, during the Headstand
inverted stance, the neck area adopts the antigravity support role and sustains muscular
and spinal loads that contrast or exaggerate those that the neck musculature is designed
for (i.e., increased lateral deviations in the thoracic spine) [26,28,29]. As such, contrasting
or exaggerating muscular and spinal loads, in combination with the resistance rather than
assisted by gravitational force activation of the Ext-IC and the Diaphragm muscles, may
also associate with the non-consistency of the significance of the abdominal breathing effect
across muscles and body stances.

The results of the present work should be evaluated under the limitations of the
participants’ characteristics who were selected to meet specific criteria concerning their
ability for abdominal breathing and the maintenance of the Headstand. A gender bias could
also be argued due to the disparity in the number of women and men participants. However,
this disparity reflects the fact that women rather than men constitute the vast majority of the
persons participating in fitness modalities where abdominal breathing is practiced while
maintaining the body stances examined in the present study. One could also argue the
adequacy of the sample size when reporting non-significant results. However, the sample
size was decided with a priori G-Power analysis, on the basis of the previous relevant
studies [7,8] as well as our preliminary data collection including 10 participants (6 women
and 4 men). The strong correlation between the regular and the abdominal breathing
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variables in both the postural stability and the respiratory muscles” activation (average
value r = 0.70 and r = 0.74, for the preliminary and the actual data collection, respectively)
allows for the assertion that a greater sample size is not likely to have altered the statistical
power of the present results. One could also question the validity of abdominal breathing
as the type of breathing was verified through inertial sensors and not through an invasive
procedure [48,52]. Nevertheless, several studies apply a surface recording of diaphragm
activity [42,45-47] instead of the invasive entry of a gastroesophageal catheter [48,65].
Furthermore, the use of inertial sensors as a research tool for examining the mechanics
of breathing, as applied in the present study, has been documented in previous study
protocols for kinetic changes of either the thoracic cavity [38—40] or the abdominal wall [39].

In conclusion, abdominal breathing had a significant deteriorating effect on postural
stability and an increasing one on the respiratory muscles’ activation during the mainte-
nance of non-everyday living body stances practiced in fitness modalities by physically
active individuals. However, this was not consistent across body stances, indicating a
body stance specificity of the abdominal breathing effect. Thus, before the request for
abdominal breathing in popular fitness modalities, one should acknowledge the postural
stability as well as the breathing demands of each particular stance, particularly for the
inverted ones. In the present study, the Upright Stance, the Headstand, and the Elbow
Side-Bridge demonstrated a 1.5, 1.7, and 3 times greater CoP Path, respectively, in the
anterior—posterior than the medial-lateral direction, whereas, the Quadruped Inverted V
demonstrates an about 4.5 times greater CoP Path in the medial-lateral than the anterior—
posterior direction. Such directional differences in postural stability may stem from the
segmental configuration of each particularly body stance, which ultimately defines not only
the shape and the magnitude of the base of support but also the body weight percentage
that is loaded on the segmental supports (for example, in the present study, about 38%
and 66% of BW was supported by the hands and the forearm, in the Quadruped Inverted
V and the Elbow Side-Bridge, respectively). Future studies could identify a body stance
continuum concerning the postural stability and the respiratory muscles” activation for
everyday living body stances employed by sedentary individuals as well as body stances
employed by physically active individuals during their participation in fitness modalities.
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