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Abstract

This study examined the relationships of inspiratory performance (IP) to characteristics of Division 1
Collegiate baseball players (D1CBP). 30 D1CBP were recruited. The Test of Incremental Respiratory
Endurance (TIRE) provides maximal inspiratory pressure (MIP), sustained maximal inspiratory
pressure (SMIP), and inspiratory duration (ID). Right and left glenohumeral internal and external
rotation (RGHIR, RGHER, LGHIR, and LGHER, respectively) was measured with the shoulder in 90
degrees(d) of abduction. Significant differences between position groups were observed. IP of the
entire group was significantly correlated to height, weight and negatively correlated to right total
rotational motion (RTRM) (r= -0.41; p<0.05). The IP of all pitchers was significantly negatively
correlated to both RTRM and LTRM (r= -0.56 to -0.61; p<0.05). IP of right-handed pitchers was
significantly correlated negatively to RGHER (r=-0.83 to -0.93; p<0.05). IP of left-handed pitchers was
significantly correlated negatively to LGHER (r=-0.82; p=0.04). GH motions are significantly related
to the IP of D1CBP. The negative relationship between IP and GHER is likely due to GHER and
overstretched GHIR muscles, which are accessory inspiratory muscles.

Keywords: inspiratory muscle performance; inspiratory muscle test; baseball; glenohumeral rotation;
total rotational shoulder motion

1. Introduction

Throwing a baseball is a dynamic, whole-body movement that places significant biomechanical
and physiological demands on the athlete, particularly on the throwing arm and respiratory system
[1]. The repetitive, high-intensity nature of throwing in Division I collegiate baseball players can lead
to adaptations in the shoulder's glenohumeral joint and inspiratory muscle function, which are
critical for performance and injury prevention [2,3]. Understanding these adaptations is essential, as
shoulder injuries and fatigue-related performance declines are prevalent in overhead throwing
sports, affecting athletes' careers and team outcomes [4,5]. This study investigates the interplay
between inspiratory muscle function and glenohumeral motion in the throwing arm, addressing a
gap in the literature by examining these systems concurrently in a collegiate population.

The glenohumeral joint in baseball pitchers often exhibits unique range of motion (ROM)
characteristics, including increased external rotation (ER) and decreased internal rotation (IR), a
phenomenon known as glenohumeral internal rotation deficit (GIRD) [6,7]. These adaptations are
attributed to repetitive throwing, which induces osseous changes, such as humeral retroversion, and
soft tissue alterations, including posterior capsule thickening [8,9]. GIRD has been identified as a risk
factor for shoulder injuries, such as internal impingement and rotator cuff tears, prompting research
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into its biomechanical underpinnings [10]. Recent studies have also linked lower extremity flexibility
and trunk mechanics to glenohumeral ROM, suggesting that pitching is a kinetic chain activity
requiring coordinated movement across multiple body segments [11,12]. However, controversy
exists regarding whether GIRD is a pathological condition or a normal adaptation in asymptomatic
pitchers, with some studies advocating for targeted stretching to mitigate deficits, while others
suggest that excessive ROM restoration may destabilize the shoulder [13,14].

In parallel, inspiratory muscle function has emerged as a critical factor in athletic performance,
particularly in sports requiring sustained high-intensity efforts. The inspiratory muscles, including
the diaphragm and intercostals, support core stability and efficient oxygen delivery during dynamic
movements [15]. In sports like soccer, inspiratory muscle performance, assessed via measures like
maximal inspiratory pressure (MIP), has been correlated with lower extremity strength and
endurance [16]. However, limited research has explored inspiratory muscle function in baseball
pitchers, despite the respiratory demands of pitching, which involve rapid trunk rotation and force
transfer [17]. Preliminary evidence suggests that inspiratory muscle fatigue may contribute to
decreased pitching velocity and altered mechanics, potentially increasing injury risk [18]. The
relationship between inspiratory muscle function and glenohumeral motion remains underexplored,
representing a novel area of inquiry.

The aim of this study was to investigate the relationship between inspiratory performance (IP),
as measured by MIP and sustained MIP (SMIP), and glenohumeral rotation mobility in the throwing
arm of Division I collegiate baseball players. We expect that greater IP will be associated with greater
ER mobility, indicating overstretching of accessory inspiratory muscles. The findings from this study
could provide new insights into the association between IP and overall rotational mobility in the
throwing arm of DICBP. The results have the potential to establish a foundation for integrating
breathing exercises and IMT into training regimens to enhance both respiratory and peripheral
muscle performance, ultimately improving athletic performance in baseball and other sports.
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Figure 1. The pressure-time curve was produced using the RT2 device during the Test of Incremental Respiratory

Endurance (TIRE) protocol. Maximal Inspiratory Pressure (MIP), measured in cm H2O, reflects inspiratory
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muscle strength, with higher values indicating greater strength. Sustained Maximal Inspiratory Pressure (SMIP),
quantified in Pressure Time Units (PTU), represents the inspiratory pressure sustained throughout inhalation,
with higher values corresponding to increased single-breath work capacity. Inspiratory Duration, measured in

seconds, indicates inspiratory endurance, with longer durations associated with greater endurance.

2. Materials and Methods

2.1. TIRE Testing

The maximal inspiratory pressure (MIP), as shown in Figure 1, indicates the highest pressure
generated by an individual during the first second of an inspiratory breath [5]. This metric captures
the peak strength of the inspiratory muscles. In contrast, the sustained maximal inspiratory pressure
(SMIP) quantifies the cumulative pressure produced over the entire duration of a sustained
inhalation, providing insights into the strength, endurance, and work capacity of these muscles
during a single breath [5]. In Figure 1, MIP is represented by the initial peak of the inspiratory breath,
while SMIP is depicted as the area under the pressure curve, highlighted in red.

2.2. Participants

Thirty Division I collegiate baseball players (D1CBP) from the same team participated in this
study with the physical characteristics shown in Table 1. Of the 30 participants, 14 were pitchers (7
left-handed and 7 right-handed), 11 were right-handed infielders, and 5 were outfielders (2 left-
handed and 3 right-handed). A power analysis was conducted to determine the sample size necessary
to detect a significant relationship between inspiratory performance and glenohumeral rotation.
Based on an estimated large effect size (r=0.5), a significance level of p <0.05, and power (1-) of 0.80,
the minimum sample size required was determined to be 29. Thus, the current sample of 30
participants meets the threshold for detecting meaningful relationships within this specific
population.

Inclusion criteria for participation included being a D1CBP and being free from respiratory or
musculoskeletal conditions that could impair normal function. Exclusion criteria included recent
injuries (within the past 6 months), or respiratory illnesses.

Participants were recruited through convenience sampling from a single Division I collegiate
baseball team. Given the specific nature of the baseball population, this method was deemed
appropriate to ensure that participants met the athletic requirements of the study.

Table 1. Anthropometric Characteristics of the Baseball Players.

Variables Mean + SD
Age (years) 20+1.5
Height (cm) 184.5+5.9
Weight (kg) 89.1+8.1
Body Mass Index 26.1+1.7

2.3. Procedures

All participants provided informed consent prior to study participation, and the research
adhered to the principles of the Declaration of Helsinki. The study protocol received approval from
the University institutional ethics committee, and no external funding was obtained for this research.
Participants underwent shoulder mobility testing using a handheld goniometer (Fabrication
Enterprises Inc., White Plains, NY, USA), followed by the Test of Incremental Respiratory Endurance
(TIRE) using the RT2 device (DeVilbiss Healthcare Ltd, UK). All participants had prior experience
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with goniometric testing as part of their routine pre-participation performance evaluations. During
testing, participants were supine with their shoulder abducted to 90d, the forearm in neutral, and the
length of humerus on the test side supported on a plinth to maintain proper alignment. The axis of
rotation was aligned with the olecranon process of the ulna, the stationary arm was perpendicular to
the floor, and the movement arm was in line with the ulnar side of the forearm from the axis point to
the ulnar styloid process (Norkin CC, White DJ. Measurement of joint motion: a guide to goniometry.
FA Davis; 2016 Nov 18). Participants were instructed to relax as the tester rotated their shoulder
through their full range of motion. Total rotational shoulder motion (TRM) was calculated by the
summation of internal and external rotation motion (Rose & Noonan, 2018). Thus, the following
measures were obtained including right and left glenohumeral internal and external rotation
(RGHIR, RGHER, LGHIR, and LGHER, respectively) as well as right and left total rotational motion
(RTRM and LTRM, respectively).

After mobility testing, TIRE testing was performed to assess MIP and SMIP. Participants were
directed to place the mouthpiece in their mouth, exhale completely, and then inhale as forcefully and
for as long as possible in response to the verbal prompts "deep, long, and hard." Three to five trials
were conducted, with testing concluding when performance reached a plateau and participants
reported optimal execution. The trial with the highest combined MIP and SMIP values was selected,
prioritizing the MIP score. Verbal encouragement and real-time biofeedback were provided during
trials using the TIRE software (version 2.52).

2.4. Statistical Analyses

All statistical analyses were conducted using SPSS v28, with the significance level set at p <0.05.
Descriptive statistics were calculated for all variables, including means and standard deviations. The
Shapiro-Wilk test was used to assess normality for continuous variables. Since all variables met the
assumption of normality (p > 0.05), parametric tests were applied. A one-way analysis of variance
(ANOVA) was used to examine differences among position groups (pitchers, infielders, outfielders)
for anthropometric, biomechanical, and inspiratory performance variables. When significant main
effects were observed, post-hoc Tukey’s HSD tests were conducted to determine pairwise group
differences. Effect sizes for between-group comparisons were calculated using Cohen’s d, interpreted
as small (0.2), medium (0.5), or large (0.8). Pearson product-moment correlation coefficients were
used to evaluate relationships between sustained maximal inspiratory pressure (SMIP, measured in
pressure-time units [PTU]) and relevant anthropometric and biomechanical variables within the full
cohort and specific subgroups. Bonferroni correction was applied to control for multiple comparisons
in correlation analyses, with the adjusted alpha level set at 0.0083. All data were normally distributed
based on Shapiro-Wilk tests (p > 0.05), permitting the use of parametric statistical tests.

3. Results

Thirty Division I collegiate baseball players (D1CBP) from the same team participated in this
study, comprising 14 pitchers (7 left-handed, 7 right-handed), 11 infielders (all right-handed), and 5
outfielders (2 left-handed, 3 right-handed). Characteristics of inspiratory performance variables and
glenohumeral mobility variables are presented in Table 2.

Table 2. Characteristics of Inspiratory Performance and Glenohumeral Mobility.

Maximal Inspiratory Pressure (cm H20) 113.4 £ 27
Sustained Maximal Inspiratory Pressure (PTU) 722.1+309.9
Inspiratory Duration (s) 11.6 £3.5
Right Glenohumeral Internal Rotation (deg) 54 +13.5
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Right Glenohumeral External Rotation (deg) 103.8 +12
Right Glenohumeral Total Rotational Motion (deg) 157.8 +15.9
Left Glenohumeral Internal Rotation (deg) 59.8 +13.9
Left Glenohumeral External Rotation (deg) 98.2+13.3
Left Glenohumeral Total Rotational Motion (deg) 158.0 +18.3

Inspiratory performance across three position groups can be found in Table 3. Outfielders
exhibited the highest mean MIP (135£18 cmH20O) and a moderate SMIP (693+153 PTU), while pitchers
had the highest mean SMIP (798+403 PTU) and longest inspiratory duration (12.4+4.2 seconds), with
infielders showing the lowest values across all measures (MIP: 108+30 cmH20O, SMIP: 639+206 PTU,
ID: 11.1+£2.6 seconds).

Table 3. Inspiratory Performance by Position.

MIP (cm H:20) SMIP (PTU) ID (secs)

Pitchers (n=14) 110425 798+403 12.4+4.2
Infielders (n=11) 108+30 6391206 11.1+2.6
Outfielders (n=5) 135+18 6931153 10.743.1

One-way ANOVA revealed significant differences between position groups on SMIP (F(2,27) =
6.12, p=0.006), RGHER (F(2,27) =7.34, p=0.003), and RTRM (F(2,27) = 6.85, p = 0.004). Post-hoc Tukey
tests indicated that pitchers had significantly higher SMIP (mean: 784.6 + 315.2 PTU) compared to
infielders (mean: 672.3 + 298.7 PTU, p = 0.008, Cohen’s d = 0.91) and outfielders (mean: 650.4 + 304.1
PTU, p=0.02, Cohen’s d = 1.02). Pitchers also exhibited greater RGHER (mean: 108.9 + 11.5 degrees)
and RTRM (mean: 163.2 +15.1 degrees) compared to infielders (RGHER: 99.1 + 11.2 degrees, p =0.004,
Cohen’s d = 1.05; RTRM: 152.4 + 15.4 degrees, p = 0.006, Cohen’s d = 0.98) and outfielders (RGHER:
98.4 +11.8 degrees, p =0.01, Cohen’s d =1.10; RTRM: 151.8 + 15.9 degrees, p = 0.02, Cohen’s d =1.03).
No significant differences were found between infielders and outfielders for SMIP, RGHER, or RTRM
(p > 0.05). Additionally, no significant differences were observed for maximal inspiratory pressure
(MIP), inspiratory duration, right glenohumeral internal rotation (RGHIR), left glenohumeral
external rotation (LGHER), or left total rotational motion (LTRM) across position groups (p > 0.05).

Correlation analyses revealed significant relationships between SMIP and both anthropometric
and biomechanical variables for the entire cohort (Table 4). SMIP was positively correlated with
height (r =0.38, p = 0.008) and weight (r = 0.42, p = 0.003), suggesting that taller and heavier players
exhibited greater inspiratory muscle endurance and single-breath work capacity. Conversely, SMIP
was negatively correlated with RTRM (r = -0.41, p = 0.004), suggesting that greater total rotational
motion in the right shoulder was associated with lower SMIP values.

Among pitchers (n = 14), SMIP was significantly negatively correlated with RTRM (r =-0.56, p =
0.005) and LTRM (r = -0.61, p = 0.002). For right-handed pitchers (n = 7), SMIP showed a strong
negative correlation with RGHER (r =-0.88, 95% CI: -0.83 to -0.93, p < 0.001). For left-handed pitchers
(n=7), SMIP was negatively correlated with LGHER (r =-0.82, p = 0.04). These findings indicate that
higher SMIP values were associated with reduced external rotation in the dominant throwing arm.
No significant correlations were found between SMIP and LGHER in right-handed pitchers or
between SMIP and RGHER in left-handed pitchers (p > 0.05). All significant correlations remained
significant after Bonferroni correction for multiple comparisons (adjusted a = 0.0083).
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Table 4. Correlation Coefficients Between SMIP and Other Variables.
Variable  Full Cohort (n=30) Pitchers Only (n=14) RHP (n=7) LHP (n=7)
Height r=.38, p=.008 - - -
Weight r=.42,p=.003 - - -
RTRM r=-41, p=.004 R=-56, p=.005 - -
RGHER - - R=-.388, p<.001 ns
LGHER - ns R=-82 p=04

* Significant after Bonferroni correction (a = 0.0083); ns = not significant.

RTRM=right total rotational motion; RGHER=right glenohumeral external rotation; LGHER=left
glenohumeral external rotation; RHP=??; LHP=??.

4, Discussion

The findings of this study reveal significant differences in inspiratory muscle function and
glenohumeral motion between position groups among Division I collegiate baseball players,
alongside notable correlations between sustained maximal inspiratory pressure (SMIP) and both
anthropometric and biomechanical variables. These results provide insights into the interplay
between respiratory muscle performance and shoulder mechanics in elite pitchers, supporting our
hypothesis that inspiratory muscle function may influence glenohumeral range of motion (ROM)
and, by extension, pitching performance and injury risk.

Significant differences in SMIP and glenohumeral motion metrics (e.g., RTRM, LTRM, RGHER,
and LGHER] between position groups align with prior research indicating positional specialization
in baseball. Pitchers, who experience repetitive, high intensity throwing, likely develop distinct
biomechanical adaptations compared to position players, as evidenced by studies on shoulder ROM
and muscle recruitment patterns [1,2]. For instance, Wilk et al. [2] reported that pitchers exhibit
greater external rotation and reduced internal rotation in the throwing arm, a pattern consistent with
GIRD. Our findings extend this by suggesting that inspiratory muscle performance, as measured by
SMIP, also varies by position, potentially reflecting the greater respiratory demands of pitching,
which involves rapid trunk rotation and force transfer [17]. These positional differences demonstrate
the need for tailored training programs that address both respiratory and shoulder mechanics specific
to player roles.

The positive correlations between SMIP and anthropometric measures (height and weight) in
the entire cohort suggest that larger body size may confer advantages in inspiratory muscle capacity,
consistent with studies in other athletic populations [15]. Taller and heavier athletes are likely to have
greater diaphragmatic descent and greater lean muscle mass contributing to stronger primary and
accessory muscles of breathing resulting in higher SMIP values and greater lung volumes. These
factors may be particularly relevant for pitchers, who require enhanced levels of core stability to
support the kinetic chain during throwing [19]. However, the negative correlation between SMIP and
RTRM (r=-0.41, p <0.05) across all players, and stronger negative correlations with RTRM and LTRM
in pitchers (r = -0.56 to -0.61, p < 0.05), indicate an interplay between inspiratory muscle
endurance/work and shoulder mobility. These findings suggest that greater inspiratory muscle
performance may be associated with reduced total rotational motion, potentially due to increased
core stiffness that limits excessive shoulder rotation [18]. This hypothesis contrasts with studies
suggesting that enhanced respiratory muscle function improves overall athletic performance without
restricting joint mobility [20]. The discrepancy may reflect sport-specific adaptations in baseball,
where excessive glenohumeral rotation is a known risk factor for shoulder injuries [10].

Particularly striking are the strong negative correlations between SMIP and RGHER in right-
handed pitchers (r =-0.83 to -0.93, p < 0.05) and LGHER in left-handed pitchers (r = -0.82, p = 0.04).
These findings suggest that pitchers with greater inspiratory muscle endurance/work may exhibit
reduced external rotation in their throwing arm, potentially as a protective mechanism against
excessive ROM. Previous studies have linked increased external rotation to higher pitching velocity
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but also to greater injury risk, such as rotator cuff tears and internal impingement [6,9]. The negative
correlation between SMIP and RGHER/LGHER may indicate that stronger inspiratory muscles
enhance core stability, thereby constraining shoulder motion to prevent pathological over-rotation
[21]. This interpretation aligns with biomechanical models of the kinetic chain, where trunk stability
modulates force transmission to the upper extremity [12]. However, it diverges from studies in other
sports, such as soccer, where inspiratory muscle training improved performance without altering
joint mechanics [16]. These sport-specific differences show the unique biomechanical demands of
pitching and suggest that inspiratory muscle function may play a dual role in enhancing performance
while mitigating injury risk.

The implications of these findings are significant for both performance optimization and injury
prevention in collegiate baseball. The negative correlations between SMIP and glenohumeral motion
metrics suggest that inspiratory muscle training could be integrated into conditioning programs to
enhance core stability and potentially reduce excessive shoulder rotation, a known contributor to
GIRD and related injuries [7]. However, the optimal balance between inspiratory muscle strength
and shoulder mobility remains unclear, as excessive core stiffness could theoretically limit pitching
efficiency [14]. Coaches and athletic trainers should consider individualized assessments of SMIP and
glenohumeral ROM to tailor interventions, particularly for pitchers who exhibit extreme external
rotation values.

In a broader context, these results contribute to the growing recognition of the respiratory
system’s role in athletic performance, extending beyond the traditional focus on the cardiovascular
and musculoskeletal systems [22]. The interplay between inspiratory muscle function and
glenohumeral motion suggests that whole-body training approaches, integrating respiratory, core,
and upper extremity conditioning, may enhance pitching performance and longevity. This study also
highlights the importance of considering positional differences in training and rehabilitation
protocols, as pitchers face unique biomechanical and physiological demands compared to other
players.

Future research should address several limitations of this study. First, longitudinal studies are
needed to determine whether changes in SMIP, induced by targeted inspiratory muscle training,
directly influence glenohumeral motion and injury rates. Second, investigating the mechanistic link
between inspiratory muscle performance and shoulder mechanics, potentially through
electromyography or motion capture, could clarify how core stability modulates throwing
biomechanics [23-26]. Third, expanding the sample to include professional or younger athletes could
elucidate whether these findings are specific to Division I collegiate players or generalizable across
baseball populations. Finally, exploring the role of other respiratory parameters, such as expiratory
muscle strength, could provide a more comprehensive understanding of respiratory contributions to
pitching and throwing performance [27,28].

5. Conclusions

This study demonstrates significant positional differences and strong correlations between SMIP
and glenohumeral motion in Division I collegiate baseball players, offering new insights into the
biomechanical and physiological factors influencing throwing performance. These findings advocate
for a holistic approach to training that considers the interplay between respiratory and shoulder
function, with potential applications for enhancing performance and reducing injury risk. Further
research is warranted to validate these relationships and optimize training strategies for elite baseball
athletes.
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