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Abstract: This study analyzed the effects of an 8-week diaphragmatic core training program on
postural stability during high-intensity squats and examined its efficacy in injury prevention and
performance enhancement. Thirty-seven male participants were randomly assigned to three groups:
diaphragmatic core training group (DCTG, n = 12), core training group (CTG, n = 13), and control
group (CG, n = 12). Outcome measurements included diaphragm thickness, respiratory function
(mean and maximal respiratory pressures), and squat postural stability (distance between the sacral
and upper body center points, peak trunk extension moment, peak knee flexion moment, and
dynamic postural stability index). Compared to both CTG and CG, DCTG demonstrated significantly
greater improvements in diaphragm thickness (DCTG: 34.62% increase vs. CTG: 1.36% and CG:
3.62%, p < 0.001), mean respiratory pressure (DCTG: 18.88% vs. CTG: 1.31% and CG: 0.02%, p < 0.001),
and maximal respiratory pressure (DCTG: 18.62% vs. CTG: 0.72% and CG: 1.90%, p < 0.001). DCTG
also showed superior improvements in postural stability measures, including reductions in the
distance between sacral and upper body center points (DCTG: —6.19% vs. CTG: —3.26% and
CG: +4.55%, p < 0.05), peak trunk extension moment (DCTG: —15.22% vs. CTG: —5.29% and CG:
+19.31%, p < 0.001), and dynamic postural stability index (DCTG: —28.13% vs. CTG: —21.43% and
CG: no change, p < 0.001). No significant between-group differences were observed in peak knee
flexion moment. Core training incorporating diaphragmatic strengthening was more effective than
conventional training in improving postural stability during high-intensity squats. Core training
programs, including diaphragmatic strengthening exercises, may contribute to injury prevention and
performance enhancement in exercises requiring lumbar stability, such as squats.
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1. Introduction

Squats are fundamental weight-training exercises widely popular among athletes and
the general population, serving to enhance muscular strength, function, athletic perfor-
mance, and injury prevention [1-4]. As a multi-joint exercise, proper kinematic patterns are
essential for injury prevention and achieving the intended training objectives [5]. Correct
squat execution requires maintenance of a slight thoracic extension with an open chest
posture while preserving spinal alignment throughout the movement. Additionally, strong
abdominal muscle contraction is necessary to minimize forward trunk leaning and the
resulting torque generation [6]. Forward trunk leaning during squats creates torque that
deviates from the body’s base of support, increasing the moment arm, and potentially
leading to injurious lumbar loading [7].

The inherent structural instability of the lumbar spine necessitates mechanical spinal
rigidity. Core muscles, including the obliques, rectus abdominals, transversus abdominis,
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multifidus spine, and diaphragm, generate substantial intra-abdominal pressure (IAP) that
increases spinal segmental stiffness, preventing excessive movement and enhancing spinal
stability [8-11]. The increased IAP from the strengthened core musculature counteracts im-
proper movement patterns during squats while enhancing muscular coordination, thereby
improving dynamic stability and reducing injury risk [12,13].

The diaphragm plays an important role in generating and maintaining strong IAP dur-
ing squatting. Beyond its primary respiratory function, which accounts for approximately
70% of breathing capacity, diaphragmatic contraction regulates abdominal content dis-
placement and pressurization. The resulting elevated IAP increases thoracolumbar fascial
tension through eccentric contraction of the transversus abdominis [14,15]. This mechanism
contributes to lumbar stabilization through tension in the erector spinae and multifidus
muscles attached to the posterior thoracolumbar fascia as well as the external obliques
attached to its lateral borders. Furthermore, activated multifidus muscles originating from
the sacrum enhance sacroiliac joint stability, thereby improving pelvic stability [16].

The diaphragm functions not only as a respiratory muscle but also as a core stabilizer,
working synergistically with other core muscles [17]. It activates the trunk musculature
and maintains proper segmental alignment, demonstrating its close relationship with
postural control [18]. The increased IAP resulting from diaphragmatic strengthening
enables stable movement initiation through spinal stabilization [19], suggesting its crucial
role in maintaining stability and reducing injury risk during heavy load exercises such
as squats.

Recent research on squat-related injury prevention has focused on various aspects
including prime mover muscle activation studies [20-22], comparative analyses of different
squat techniques (front versus back squats) (Warneke et al. [23]; Junior et al. [24]), and
investigations of stance width and depth variations [25-27]. While these studies provide
valuable insights into squat execution and methodology, there remains a notable gap
in research examining the relationship between diaphragmatic strengthening and squat
posture stability, despite the significant contribution of the diaphragm to spinal stability
among the core muscles.

Therefore, this study aimed to scientifically validate the effectiveness of diaphrag-
matic strengthening, a primary contributor to IAP formation and trunk stability, in im-
proving postural stability during squatting, with implications for injury prevention and
performance enhancement.

2. Materials and Methods
2.1. Participants

Male participants in their twenties who voluntarily agreed to participate were re-
cruited for this study. The inclusion criteria were at least 1 year of regular weight-training
experience and the ability to perform five or more squats at 80% of their one rep max.
The exclusion criterion was musculoskeletal or respiratory disorders within the previous
6 months.

Prior to the commencement of the study, all selected participants were thoroughly
briefed on the study’s purpose and procedures, and informed consent was obtained for
data collection. Initially, 39 participants were recruited, however, 2 withdrew during the
study, resulting in a final sample of 37 participants.

2.2. Research Design

The participants were randomly assigned to three groups using a lottery method to
ensure objectivity and reliability. The first group, designated the diaphragm strengthening
and core training group (DCTG), received both diaphragmatic strengthening exercises
and core training. The second group, the core training group (CTG), performed only
core training. The third group served as the control group (CG) and did not receive any
intervention. This design was implemented to compare the effectiveness of the training
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methods and specifically to evaluate the additional impact of diaphragmatic strengthening
on core training (Figure 1). Participants” demographic characteristics are shown in Table 1.

Subject selection (n = 39)
1
Pre-test

(Diaphragm thickness and ability, distance from the center of the sacrum to the cen-

ter of the upper body, moment, dynamic posture stability index)

! ! !

DCTG (n=12) CG (n=12)
Lost to follow-up CTG (n=13) Lost to follow-up
(n=1) (n=1)

!
Post-test

(Diaphragm thickness and ability, distance from the center of the sacrum to the cen-

ter of the upper body, moment, dynamic posture stability index)

l

Data collection and statistical analysis

Figure 1. Study process.

Table 1. Participant characteristics.

Group Age (yrs) Height (cm) Weight (kg)

DCGT (n=12) 21.75 + 3.04 176.97 £ 7.48 75.13 + 843

CTG (n=13) 21.23 £1.58 176.36 + 7.27 74.55 +7.33

CG(n=12) 22.08 £1.67 176.33 + 5.84 76.68 £ 8.87
Sig 0.622 0.967 0.803

2.3. Experimental Procedures

All participants underwent measurements before and after the intervention period
under identical laboratory conditions. The diaphragmatic exercise program was conducted
twice daily (morning and afternoon) for 6 days per week, with each session lasting up
to 5 min. The core training program consisted of 50 min sessions conducted thrice per
week for 8 weeks. The measured variables included diaphragm thickness and function for
diaphragmatic strengthening assessment and squat postural stability variables, including
the distance from the sacral center to the upper body center, peak trunk extension moment,
peak knee flexion moment, and dynamic postural stability index (DPSI).

2.4. Measurement Methods
2.4.1. Diaphragm Thickness Measurement

Diaphragmatic thickness was measured using a SONON convex 300c ultrasound
probe (Healcerion, Seoul, Republic of Korea) (Figure 2). The participants laid in the supine
position with their knees flexed at 90°. The probe was positioned between the 7th and
8th or 8th and 9th intercostal spaces, where the diaphragm muscle was attached. Two-
dimensional imaging was used to measure the distance between the pleural and peritoneal
lines, and the average of three measurements was recorded [28,29].
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Figure 2. Measurement of Diaphragm Thickness. (A) The transducer is positioned on the intercostal
space in the anterior axillary line. (B) Diaphragm measurement equipment (SONON Convex 300c,
Healcerion, Seoul, Republic of Korea). (C) Two-dimensional image of the diaphragm.

2.4.2. Diaphragm Function Assessment

Diaphragm function was evaluated using Power Breathe K5 (POWERbreathe Inter-
national Ltd., Southam, Warwickshire, UK). The participants sat comfortably with their
backs supported and noses occluded, and performed 30 maximal inspiratory efforts using
a disposable mouthpiece. Average inspiratory pressure and peak inspiratory pressure were
recorded [30] (Figure 3).

s
N —

Figure 3. Measurement of Diaphragm Function (A) Power Breathe K5 (POWERDbreathe International
Ltd., Southam, Warwickshire, UK), (B) Diaphragm function measurement posture.

2.4.3. Squat Motion Analysis

Motion analysis was conducted using 10 Raptor-E infrared cameras (Motion Analysis)
at 120 frames/s. Nonlinear transformation was used for three-dimensional spatial coordi-
nate calibration. The Helen-Hayes marker set [31] was applied with 24 reflective markers
to define joint and segment coordinates. Data were analyzed using the Cortex software.

2.4.4. Dynamic Postural Stability Assessment

Dynamic postural stability was measured during squatting using force plates. Ground
reaction force data were used to calculate the mediolateral stability index (MLSI), antero-
posterior stability index (APSI), vertical stability index (VSI), and DPSI [32]. The DPSI is
calculated as follows:

MLSI = \/Z(O - x)z/ number of data poings
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APSI = \/Z(O — y)Z/ number of data poings

VSI = \/Z (body weight — z)z/ number of data poings
DPSI = MLSI + APSI + VSI

MLSI, medial lateral stability index; APSI, anterior posterior stability index; VSI,
vertical stability index; DPSI, dynamic postural stability index.

2.4.5. Squat Testing Protocol

Squat motion and dynamic postural stability measurements were conducted during
five repetitions at 80% of 1-RM. Parallel squat depth was selected as the standardized
position for all measurements, defined as the position where the thigh is parallel to the
ground with approximately 90-degree knee flexion. This position was chosen to ensure
measurement consistency across participants while maintaining practical relevance to
common training applications. One-repetition maximum (1-RM) was determined one
week prior to the main testing sessions following the National Strength and Conditioning
Association (NSCA) guidelines using indirect measurement methods. The 1-RM assessment
protocol consisted of progressive loading: 50% of estimated 1-RM for 10 repetitions, 70%
for 5 repetitions, 80% for 3 repetitions, and 90% for 1 repetition, with 3 min rest intervals
between sets. The warm-up protocol for the main testing sessions included 5 min of light
cycling, dynamic stretching, and progressive loading sets (40%, 60% of 1-RM) before the
measured sets at 80% 1-RM. During the testing sets, participants performed 5 repetitions
with controlled tempo (2-s eccentric, 1-s pause, 2-s concentric phases), with 3-min rest
intervals between sets to minimize fatigue effects.

2.5. Exercise Programs
2.5.1. Diaphragmatic Training

Diaphragmatic training uses the Power Breathe Plus device, which provides variable
resistance through color-coded spring-loaded valves. Following the protocols established
by Griffiths and McConnell [33] and Romer and McConnell [34], participants performed
30 repetitions twice daily (morning and afternoon) for six days per week. Each session
consisted of 30 maximal inspiratory efforts. The initial training intensity was set to a
resistance level allowing 30 repetitions at maximal effort (30RM). The participants self-
adjusted their intensity periodically when they could complete all repetitions with proper
form [34], with sessions limited to 5 min [35]. This training duration and frequency were
selected based on the diaphragm’s physiological characteristics, particularly its composition
of approximately 55% slow-twitch fibers, which responds effectively to moderate-load,
high-repetition training protocols [33]. The twice-daily sessions with adequate rest intervals
were designed to optimize diaphragmatic adaptations while preventing respiratory muscle
fatigue, as supported by previous respiratory muscle training research [34,35].

2.5.2. Core Training

The 8-week core training program consisted of three weekly sessions, each comprising
5 min of warm-up, 40 min of the main exercise, and 5 min of cool-down. Exercise intensity
was set at moderate levels (RPE 12-15) [36,37], following the American College of Sports
Medicine [38] guidelines and NASM core training principles [39] (Table 2).
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Table 2. Core training program.
Workout Types Set Rest Intensity
Warm up .
(5 min) Stretching RPE 9
Hip bridge, Plank
Side Plank, crunches
oblique crunches dset 60 RPE
Main exercise Dead bug (statics, dynamics) se sec 12-15
(40 min) Bird dog (statics, dynamics)
Side Plank Rotation, Plank single-leg tuck
Plank shoulder taps, Crawling
Dead bug (one arm & one leg down)
Bird dog (one arm & one leg down)
Cool down .
(5 min) Stretching RPE 9

2.6. Statistical Analysis

Data were analyzed using Statistical Package for Social Sciences version 26.0 (IBM
Corp., Armonk, NY, USA). The mean and standard deviation were calculated for all
variables. Analysis of covariance (ANCOVA) was performed using pre-test values as
covariates to determine between-group differences, with least significant difference post
hoc tests for the comparison of main effects. Statistical significance was set at & = 0.05.

3. Results
3.1. Effects of Diaphragm-Strengthening Core Training on Diaphragm Thickness and Function

Analysis of diaphragm thickness revealed significant changes across the groups. DCTG
showed a significant increase of 34.62% from 2.34 £ 0.33 to 3.15 &£ 0.41 mm, CTG showed
a 1.36% increase from 2.20 + 0.26 to 2.23 + 0.25 mm, and CG showed a 3.62% increase
from 2.21 £ 0.21 to 2.29 £ 0.32 mm (Table 3). ANCOVA revealed significant between-
group differences (F = 42.032, p < 0.001). Post hoc analysis indicated that DCTG exhibited
significantly greater increases in diaphragm thickness than CTG and CG (p < 0.05).

Average respiratory pressure analysis showed an 18.88% increase in DCTG from
94.71 £ 22.01 to 112.59 + 19.01 cmH,0, 1.31% increase in CTG from 87.95 4+ 16.66 to
89.10 £+ 13.48 cmH,0, and a minimal 0.02% increase in CG from 98.81 + 18.68 to
98.87 & 2.23 cmH,0 (Table 3). ANCOVA revealed significant between-group differences
(F =21.613, p < 0.001). Post hoc analysis indicated that DCTG showed significantly greater
improvements in average respiratory pressure than CG (p < 0.05).

Maximum respiratory pressure analysis revealed an 18.62% increase in DCTG from
107.77 £ 24.29 to 127.84 + 19.96 cmH-O, 0.72% increase in CTG from 117.96 & 11.43 to
118.81 + 11.51 ecmH,0O, and 1.90% increase in CG from 119.20 £+ 14.77 to
121.47 £+ 16.60 cmH,O (Table 3). ANCOVA indicated significant between-group differences
(F=19.919, p < 0.001). Post hoc analysis revealed that DCTG exhibited significantly greater
improvements in maximum respiratory pressure than CG (p < 0.05).

Table 3. Changes in diaphragm thickness and function following diaphragm-strengthening core

training.
Group  Pre(M+SD)  Post (M + SD) C"“f;ig’)‘ M Ao, pValue  Post-Hoc . . AII/ICSOVA EValue ,
The change of diaphragm thickness (Unit: mm)
(?Eli% 2.34 £0.33 3.15+0.41 3.06 £+ 0.06 34.62  0.000 *** a>b,c 2.145 1 2.145 40.767 0.000 ***
(nC;f??’) 2.20 £0.26 223 £0.25 2.27 £0.06 1.36 0.281 4.424 2 2212 42.032 0.000 ***
cG 221+0.21 229 £0.32 2.33 £0.06 3.62 0.209 1.737 33 0.053

n=12)
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Table 3. Cont.
Correction (M ANCOVA
G 9 -Val -
roup Pre (M £ SD) Post (M + SD) £ SD) A% p-Value Post-Hoc ss DF MS F-Value p
The change of diaphragm average respiratory pressure (Unit: cmH,0)
(]r?gli% 94.71 £ 22.01 112.59 £ 19.01 111.79 +£2.20 18.88  0.000 *** a>b,c 6997 1 6997 119.871 0.000 ***
(DC;F?:” 87.95 £ 16.66 89.10 + 13.48 93.50 £+ 2.15 1.31 0.618 2523.114 2 1261.557 21.613 0.000 ***
(r\C:CiZ) 98.81 + 18.68 98.83 + 15.85 94.87 £2.23 0.02 0.987 1926.239 33 58.371
The change of diaphragm maximum respiratory pressure (Unit: cmH,0O)

(]r?gli% 107.77 = 24.29 127.84 £ 19.96 133.91 £+ 2.16 18.62  0.000 *** a>b,c 7265.84 1 7265.84 137.538 0.000 ***
(DC;F?:” 117.96 4+ 11.43 118.81 £ 11.51 116.39 £ 2.02 0.72 0.597 2104.511 2 1052.256 19.919 0.000 ***
(nC=Ci2) 119.20 & 14.77 121.47 £ 16.60 118.02 £ 2.11 1.9 0.132 1743.315 33 52.828

Notes: Values are presented as mean = standard deviation. *** p < 0.001 DCTG: Diaphragm strengthening & Core
Training Group (a) CTG: Core Training Group (b) CG: Control Group (c) A% = [(Post — Pre)/Pre] x 100 Post hoc
significance: a > b, c indicates DCTG showed significantly greater improvements compared to both CTG and CG.

3.2. Changes in Squat Posture Following Diaphragm-Strengthening Core Training

Postural changes during squats were analyzed at the deepest point of movement,
where the thighs were parallel to the ground. This position typically corresponded to the
maximum distance between the sacral center point and the upper body center point. The
analysis included comparisons of the peak trunk extension and knee flexion moments
relative to this distance (Figure 4).

Y

Upper body center of mass
(Upper body + Barbell weight)

Sacrum coordinates

\
I X
—

Anterior-posterior distance

Figure 4. Distance measurement between the sacral center and upper body center points during
squat performance.

Analysis of the distance between the sacral and upper body center points revealed
that DCTG showed a 6.19% decrease from 26.32 + 2.28 to 24.69 + 2.71 cm, CTG showed
a 3.26% decrease from 26.11 & 2.21 to 25.26 + 1.47 cm, and CG showed a 4.55% increase
from 24.20 £ 2.05 to 25.30 & 1.16 cm (Table 4). ANCOVA revealed significant between-
group differences (F = 3.989, p < 0.05). Post hoc analysis indicated that DCTG exhibited a
significantly greater reduction in this distance than CG (p < 0.05).
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Table 4. Changes in squat posture parameters following diaphragm-strengthening core training.

i ANCOVA
Group Pre M+ SD)  Post (M + SD) C”“f;‘g‘)‘ M \o,  p-Value  Post-Hoc ss DOF MS i )
The change of distance between the center of the sacrum and the center of the upper body (unit: cm)
(EETS) 26.32 £2.28 24.69 £2.71 24.26 + 0.42 —6.19  0.004 ** a>c 52.289 1 52.289 24.695 0.000 ***
(DC;T?:” 26.11 £2.21 25.26 £ 1.47 24.95 £ 0.40 -326  0.153 16.892 2 8.446 3.989 0.028 **
(r\C:Ci2) 2420 £2.05 2530 £ 1.16 26.07 £+ 0.44 4.55 0.029 * 69.873 33 2117
The change of maximum trunk extension moment (unit: N-m)
(EETS) 1.84 £+ 0.10 1.56 &+ 0.14 1.51 + 0.06 —15.22 0.000 *** a>c,b>c 0.127 1 0.127 2.853 0.000 ***
(DC;F?:” 1.70 £ 0.24 1.61 £ 0.15 1.60 = 0.59 -5.29 0.258 0.313 2 0.157 3.516 0.041 *
(nczciZ) 1.45+0.21 1.73 £ 0.31 1.80 £ 0.72 19.31  0.005 ** 1.469 33 0.045
The change of maximum knee flexion moment (unit: N-m)
(]r?(::’lig) —1.39 £ 0.27 —1.41+0.24 —1.35 1+ 0.04 1.44 0.764 n/a 1.079 1 1.079 41.829 0.000 ***
(HC;F?:” —1.30 £ 0.25 —1.38 +0.28 —1.40 4+ 0.04 6.15 0.189 0.055 2 0.027 1.066 0.346
(nC=Ci2) —1.26 £ 0.17 —1.26 £ 0.16 —1.30 + 0.04 0 0.891 0.851 33 0.026
The change of dynamic postural stability index
(]r?(::jig) 0.32 £ 0.63 0.23 + 0.05 0.21 £0.01 —28.13 0.000 *** a>b>c 0.057 1 0.057 15.208 0.000 ***
(HC;F(133) 028 £0.72 0.22 + 0.08 0.23 £0.01 —2143 0.054 0.026 2 0.013 3.401 0.045 *
(n(iCiZ) 0.26 £0.76 0.26 + 0.08 0.28 £0.01 0 0.71 0.124 33 0.004

Notes: Values are presented as mean + standard deviation. * p < 0.05, ** p < 0.01, *** p < 0.001 DCTG: Diaphragm
strengthening & Core Training Group (a) CTG: Core Training Group (b) CG: Control Group (c) A% = [(Post-
Pre)/Pre] x 100 Post hoc significance: a, b, c indicates DCTG showed significantly greater improvements compared
to both CTG and CG.

Peak trunk extension moment analysis showed a 15.22% decrease in DCTG from
1.84 £ 0.1 to 1.56 &+ 0.14 N-m and a 5.29% decrease in CTG from 1.70 + 0.24 to
1.61 £ 0.15 N-m. In contrast, CG showed a 19.31% increase from 1.45 + 0.21 to 1.73 £ 0.31 N-m
(Table 4). ANCOVA revealed significant between-group differences (F = 3.516, p < 0.05).
Post hoc analysis indicated that both DCTG and CTG demonstrated significantly greater
reductions in peak trunk extension moment than CG (p < 0.05).

Analysis of the peak knee flexion moment showed a 1.44% increase in DCTG from
—1.39 + 0.27 to —1.41 £ 0.24 N'm and a 6.15% increase in CTG from —1.30 £ 0.25 to
—1.38 & 0.28 N-m, while CG showed no change (Table 4). ANCOVA revealed no significant
between-group differences (F = 1.066, p > 0.05), and post hoc analysis showed no significant
differences among the three groups.

DPSI analysis demonstrated a 28.13% decrease in DCTG from 0.32 £+ 0.63 to
0.23 £ 0.05 and a 21.43% decrease in CTG from 0.28 £ 0.72 to 0.22 + 0.08, while CG
showed no change (Table 4). ANCOVA revealed significant between-group differences
(F =3.401, p < 0.05). Post hoc analysis indicated that DCTG showed a significantly greater
reduction in the DPSI than CTG and CG (p < 0.05).

4. Discussion

This study aimed to scientifically evaluate the effects of an 8-week diaphragmatic
core training program on postural stability during high-intensity squats, with a specific
focus on injury prevention and performance enhancement. Unlike previous core training
studies, the originality of this study lies in its focus on diaphragmatic strengthening. The
results demonstrated that diaphragmatic core training, compared with conventional core
training, produced significant improvements in diaphragm thickness, average/maximum
respiratory pressure, sacral-to-upper body center point distance, peak trunk extension
moment, and DPSI. Notably, increased diaphragmatic thickness contributes to enhanced
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respiratory function and spinal stability, which are crucial for efficient squat performance
and injury prevention.

4.1. Changes in Diaphragm Thickness and Respiratory Function

The diaphragm, the primary inspiratory muscle, is essential for maintaining respira-
tory functions and life [40]. Kraemer et al. [41] reported that, similarly to other skeletal
muscles, the diaphragm undergoes hypertrophy when subjected to appropriate exercise
loads. Our findings suggest that the applied physiological load was sufficient to induce
diaphragmatic hypertrophy, which is consistent with Enright et al.’s [42] study, demon-
strating that inspiratory muscle training can promote structural changes and strength
improvements in the diaphragm. Furthermore, diaphragmatic hypertrophy, which leads
to increased muscle cross-sectional area [43], appears to enhance the activation of the
diaphragm and auxiliary muscles during inspiration, resulting in improved average and
maximum respiratory pressures.

The physiological basis for these adaptations lies in the diaphragm’s unique muscle
fiber composition, consisting of 55-65% Type I fibers with high oxidative capacity [44].
This skeletal muscle characteristic allows the diaphragm to respond effectively to respira-
tory muscle training principles, similarly to other skeletal muscles [45]. Previous research
has demonstrated that targeted respiratory and inspiratory muscle training can enhance
diaphragmatic thickness, inspiratory capacity, and exercise performance [46]. The resis-
tance loading protocol specifically targeting the diaphragm as the primary inspiratory
muscle [33,47] proved effective in eliciting these adaptations.

These findings extend previous research on respiratory muscle training interven-
tions. While traditional core training studies have primarily focused on abdominal and
back muscle activation [48,49], the present results demonstrate the additional benefits of
incorporating specific diaphragmatic strengthening. Our findings align with previous
respiratory training studies in showing significant improvements in respiratory pressures.
For example, HajGhanbari et al. [50] reported improvements in inspiratory muscle strength
through conventional inspiratory muscle training, while Seixas et al. [51] demonstrated
enhanced respiratory function through pressure threshold loading. However, the current
study uniquely demonstrates that these respiratory improvements can be achieved while
simultaneously enhancing postural stability during complex movements like squats. This
dual benefit suggests that integrating diaphragmatic training with core exercises may be
more efficient than addressing these aspects separately.

Downey et al. [52] reported a 24.5% increase in inspiratory muscle strength following
diaphragmatic training, corroborating numerous studies demonstrating structural changes
and improved inspiratory strength through respiratory muscle training [34,42,47,53,54].

Although Kraemer et al. [55] recommended 80% intensity for inspiratory muscle
strengthening, our study employed 50% intensity based on Griffiths and McConnell’s [33]
methodology, considering the diaphragm fiber composition (55% slow-twitch fibers). This
aligns with recent research showing comparable effects of low-intensity /high-repetition
and high-intensity /low-repetition training on muscle hypertrophy and strength
gain [56-58].

4.2. Changes in Postural Stability During High-Intensity Squats

The diaphragmatic core training group demonstrated significant reductions in sacral-
to-upper body center point distance and peak trunk extension moment compared with the
other groups, while knee flexion moment showed no significant between-group differences.
The reduced distance between the sacral and upper body center points suggests improved
spinal stability through increased IAP [59], which is consistent with previous research
indicating that minimizing the distance between the body centerline and barbell promotes
more efficient squat performance [60].

The non-significant differences in maximum knee flexion moment between groups may
be attributed to several biomechanical factors. The trend toward increased maximum knee
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flexion moment in both training groups likely reflects a postural adaptation. Specifically, as
participants achieved improved trunk stability and reduced forward lean, a compensatory
increase in knee anterior displacement occurred to maintain balance during the squat. This
mechanical relationship between trunk position and knee moment aligns with previous
research [3]. While the training programs effectively enhanced trunk stability, they may not
have directly influenced knee joint mechanics, as knee moment is also affected by individual
factors such as squat technique and lower limb mobility. These findings emphasize the
importance of considering both spinal and knee joint biomechanics in squat performance.

4.3. Changes in Dynamic Stability

The significant reduction in the DPSI in the diaphragmatic core training group indi-
cated improved overall movement control. The DPSI, which incorporates anterior—posterior,
medial-lateral, and vertical stability components [32], showed that participants maintained
their center of mass more effectively within the base of support, suggesting enhanced
adaptability to external forces and improved balance control [61].

These improvements in postural stability can be explained by the physiological
mechanisms of diaphragmatic function. Strengthened diaphragmatic function increases
intra-abdominal pressure, which enhances spinal stability by restricting vertebral move-
ment [62]. This increased pressure also enhances tension in the thoracolumbar fascia,
a connective tissue structure linking various trunk muscles including the transversus
abdominis, multifidus, and erector spinae [63]. This integrated system of increased intra-
abdominal pressure and fascial tension improves both spinal segmental stability and
sacroiliac joint function [64], explaining the enhanced postural stability observed during
high-intensity squats.

Studies analyzing foot pressure during squat performance [65], examining moment
analysis relative to trunk angle during squats [60,66], and demonstrating the positive
effects of weight belts during squat exercises [67,68] support our findings. Furthermore,
Gholami et al. [69] observed reduced ankle movement and increased lumbar stabilization
after respiratory training in patients with low back pain. These findings suggest that
maintaining stability requires maintaining the center of mass within the base of the support
to reduce the moment arm length and decrease lumbar extension torque, thereby reducing
spinal loading [70]. Therefore, diaphragmatic core training appears to enhance dynamic
postural stability, potentially reducing unnecessary movements during squat performance
and contributing to injury prevention.

5. Conclusions

Core training demonstrated positive effects on squat posture and dynamic postural
stability, with diaphragmatic strengthening combined with core training proving more
effective than conventional core training alone. Specifically, significant improvements
were observed in diaphragmatic thickness and function, reduction in sacral-to-upper body
center point distance, decreased peak trunk extension moment, and enhanced DPSI. These
findings suggest that incorporating diaphragmatic strengthening exercises into core training
programs effectively prevents injuries and enhances performance during exercises that
require lumbar stability, such as squats. Therefore, diaphragmatic strengthening exercises
are recommended in weight training programs for both athletes and recreational exercisers.

6. Study Limitations

The study examined the effects of diaphragmatic strengthening on postural stability
mechanisms during high-intensity squats. Postural stability represents one of several fac-
tors contributing to injury prevention during squats, alongside muscle strength imbalances,
flexibility, and technical execution. The findings are limited to male participants, prevent-
ing generalization to female populations due to potential differences in neuromuscular
control patterns, hormonal influences, and anatomical characteristics affecting stability
mechanisms. The study design included only pre- and post-intervention measurements
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over the 8-week period, limiting the identification of temporal progression in stability adap-
tations. Additionally, the 8-week intervention period only revealed immediate training
effects. Long-term follow-up studies are needed to determine whether these improvements
in stability and respiratory function are maintained and translate to sustained injury pre-
vention benefits. Further investigation with various measurement intervals is needed to
determine the optimal duration and progression of diaphragmatic strengthening effects.
The results demonstrated improvements in stability parameters at 80% 1-RM; however,
additional research should explore the relationship between enhanced stability and squat
performance metrics, including strength development and technical efficiency under var-
ious loading conditions. While the core training group served as an active control for
diaphragmatic training effects, the control group design without any intervention limited
the ability to control for potential placebo effects. Future research designs should include
control group activities matched for time and effort expenditure, such as light physical
activity or stretching, to better isolate the specific effects of diaphragmatic training.
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