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Abstract

Background: The high-intensity demands of CrossFit induce respiratory muscle fatigue,
potentially impairing performance via the metaboreflex. Respiratory muscle training
(RMT) may mitigate this effect, but evidence in female athletes remains limited. Objective:
We aimed to investigate the effects of RMT on sport-specific performance and maximal
inspiratory pressure (PIMAX) in recreational female CrossFit practitioners. Design: We
conducted a parallel-group randomized controlled trial. Setting: The study was conducted
in a CrossFit-affiliated gym. Participants: We recruited twenty-nine recreational female
practitioners (age: 30.3 £ 7.9 years) with >1 year of uninterrupted training who were
free from respiratory diseases. Interventions: Participants were randomized to a CrossFit-
only group (n = 14) or CrossFit + RMT group (n = 15). Both trained 5 days/week for
6 weeks; the RMT group additionally performed 30 inspiratory efforts at 50% of PIMAX,
5 days/week, with weekly load adjustment. Main Outcome Measures: Primary: Sport-
specific performance (total repetitions in a 10-min AMRAP [As Many Rounds As Possible]
test). Secondary: PIMAX (cmH,0). Measurements were taken pre- and post-intervention.
Results: Baseline performance and PIMAX were similar between groups. After 6 weeks,
the CrossFit + RMT group improved in performance more (A = +10.5 & 10.7 reps, p = 0.03,
np? = 0.168) than the CrossFit-only group (A = +2.3 £ 8.1). PIMAX gains were also greater
with RMT (A = +19.6 £+ 8.4 cmH,0, p = 0.043, an = 0.148) vs. control (A = +10.1 £ 9.7).
No adverse events occurred. Conclusions: Adding RMT to CrossFit training enhanced
sport-specific performance and inspiratory strength in recreational female practitioners
more than CrossFit alone. RMT appears to be a safe and effective complementary strategy
for high-intensity functional training.

Physiologia 2025, 5, 39

https://doi.org/10.3390/physiologia5040039


https://doi.org/10.3390/physiologia5040039
https://doi.org/10.3390/physiologia5040039
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/physiologia
https://www.mdpi.com
https://orcid.org/0000-0002-5721-0725
https://orcid.org/0000-0002-7513-7605
https://orcid.org/0000-0002-9678-1977
https://doi.org/10.3390/physiologia5040039
https://www.mdpi.com/article/10.3390/physiologia5040039?type=check_update&version=2

Physiologia 2025, 5, 39

2 of 15

Keywords: respiratory muscle training; circuit exercises; physical exercise; performance;
ergogenic effect

1. Introduction

CrossFit is a high-intensity training methodology characterized by constantly varied
functional movements integrating Olympic weightlifting, gymnastics, and cardiovascu-
lar conditioning [1,2]. Typical workouts incorporate modalities such as snatches, clean
and jerks, squats, running, rowing, and complex bodyweight exercises (e.g., handstand
push-ups, muscle-ups) [3-5]. Its rapid global expansion is attributed to scalability, a com-
petitive environment, and quantifiable outcomes [1,6]. Training sessions usually comprise
three phases: warm-up/mobility, skill/strength development, and the workout of the day
(WOD), a high-intensity circuit challenging both aerobic and anaerobic systems through
time- or task-priority formats [7,8]. The extreme metabolic stress inherent to these workouts
places significant demands on cardiorespiratory endurance, making respiratory efficiency
a critical determinant of performance.

The extreme metabolic stress inherent to these workouts places significant demands
on cardiorespiratory endurance, making respiratory efficiency a critical determinant of
performance. Recent studies using portable gas analysis have quantified these demands,
showing that CrossFit workouts elicit high levels of oxygen consumption (e.g., reaching
>90% of VO,max) and significant contributions from both aerobic (~60-75%) and anaerobic
(~25-40%) energy systems, depending on the protocol’s duration and structure [9-12].
Some studies have also detailed the strenuous ventilatory responses, such as high minute
ventilation (V'E), and the rapid oxygen uptake kinetics required to sustain effort in tasks
like ‘Fran’ or ‘Fight Gone Bad’ [9,11,13,14].

During such intense exercise, the diaphragm and accessory respiratory muscles accu-
mulate metabolites, leading to fatigue. This, in turn, may limit oxygen delivery to working
muscles by activating the respiratory muscle metaboreflex [15,16]. This reflex induces
sympathetic vasoconstriction in limb musculature, redirecting blood flow and oxygen to
the fatigued respiratory muscles at the expense of peripheral perfusion, thus compromis-
ing exercise tolerance and ventilatory efficiency [16-19]. Such limitations are particularly
relevant in the context of CrossFit, where the high-intensity, sustained efforts quantified by
the aforementioned studies occur within short recovery intervals.

Respiratory muscle training (RMT) has been proposed as a strategy to counteract
these limitations by improving the strength and endurance of inspiratory and expiratory
muscles [20,21]. Chronic RMT can enhance respiratory efficiency, optimize oxygen economy,
reduce dyspnea, and improve blood flow redistribution to locomotor muscles [22,23].
These adaptations may benefit aerobic capacity, delay fatigue onset, and attenuate lactate
accumulation in anaerobic contexts [24,25]. Although numerous studies have examined
RMT in endurance and strength sports [25,26], research in mixed-modal, high-intensity
modalities like CrossFit remains scarce.

Furthermore, female athletes are underrepresented in this literature, with most ev-
idence derived from male or mixed cohorts, despite known sex-related differences in
CrossFit performance and respiratory responses to training [27,28]. Given the high de-
mands of CrossFit on respiratory efficiency and muscular endurance, along with potential
sex-specific adaptations to RMT [29,30], there is a need for targeted investigations in this
population. Therefore, the aim of this study was to examine the effects of a six-week RMT
intervention on sport-specific performance and maximal inspiratory pressure (PIMAX) in
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female CrossFit athletes. We hypothesized that RMT would enhance performance and
increase PIMAX through improved respiratory muscle efficiency and delayed fatigue.

2. Results

No adverse events were reported during the intervention period, and no participants
withdrew due to discomfort or complications related to the protocol. One participant failed
to complete the final assessments and was excluded from the analysis, resulting in a final
sample size of 29. Table 1 presents the basal anthropometric characteristics of the groups;
no differences were observed (p > 0.05).

Table 1. Age and anthropometric characteristics of participants.

Measure Cross (n =14) Cross + RMT (n =15) Statistics
Age (yrs) 329+93(27.6;383) 27.9+58(24.1;30.8)  T=1.899;p=0.068
Body mass (Kg) 69.3 +12.7 (61.9;76.6)  62.9 + 6.8 (58.3;66.1)  T=1.841;p=0.077
Height (m) 1.6 & 0.04 (1.6; 1.7) 1.6 + 0.05 (1.6; 1.7) T =1.483;p=0.15
BOd%’Kr;‘jf;;;‘dex 255+43(23.0;279) 24.0+26(22.3;253)  T=1765p=0.12
Body fat (%) 253 +55(22.1;28.5) 23.8+£3.6(22.2;260)  T=0.642; p=0.226

Data presented as mean + standard deviation (95% confidence interval). Abbreviations: Cross: CrossFit-only
group; Cross + RMT: CrossFit with respiratory muscle training group. No significant differences between-group
were observed (p > 0.05).

Preliminary correlation analyses revealed a very high correlation between BMI and
body mass (r = 0.924, p < 0.001), suggesting problematic multicollinearity. To prevent
collinearity-related issues in the covariate models, BMI was excluded. The final set of
covariates included age, body mass, height, body fat percentage, baseline PIMAX, and
baseline CrossFit test performance. No other strong intercorrelations (r > 0.80) were
observed among the remaining variables. Figure 1 showed the correlation matrix of
covariates used in our statistical model.
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Figure 1. Correlation matrix heatmap of variables used in ANCOVA.
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Maximal Inspiratory Pressure
Pre vs Post-Intervention

Both groups demonstrated significant within-group improvements in PIMAX follow-
ing the 6-week intervention (Cross: +18.0%, p = 0.001; Cross + RMT: +27.8%, p < 0.001), with
the RMT group showing substantially greater improvement (+9.8 percentage points). For
sport-specific performance, only the Cross + RMT group showed significant improvement
(+8.1%, p < 0.001) compared to minimal change in the Cross group (+2.1%, p = 0.276).

Initial between-group comparisons using independent t-tests revealed no significant
differences in post-intervention values for either performance (t(27) = —0.561, p = 0.579,
Cohen’s d = 0.208) or PIMAX (t(27) = —1.818, p = 0.080, Cohen’s d = 0.676). However,
given baseline differences in performance measures (Cross: 176.5 & 26.9 reps; Cross + RMT:
170.5 £ 19.5 reps) despite statistical non-significance (p > 0.05), we employed ANCOVA to
adjust for these initial values. After controlling for baseline measurements, ANCOVA re-
vealed significant between-group differences favoring the RMT group for both performance
(F(1,26) = 5.252, p = 0.030, np? = 0.168) and PIMAX (F(1,26) = 4.534, p = 0.043, np? = 0.148),
representing medium-to-large effect sizes. The models explained substantial variance in
post-intervention values (performance: R? = 0.760; PIMAX: R? = 0.511), indicating robust
intervention effects beyond baseline differences. Figure 2 displays the post-intervention
results for both the sport-specific CrossFit test and PIMAX.
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Figure 2. Comparisons between the specific maximum performance and maximal inspiratory pressure
between the Cross and Cross + RMT in the pre- and post-intervention. * p < 0.05 vs. Pre-intervention.
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3. Discussion

The present study confirmed our initial hypothesis that RMT would enhance sport-
specific performance and PIMAX through improved respiratory muscle efficiency and
delayed fatigue. Specifically, the RMT group showed significantly greater improvements
in both outcomes compared to controls, with a +27.8% vs. +18.0% increase in PIMAX and
a +8.1% vs. +2.1% improvement in CrossFit performance. These differences remained
significant after adjusting for baseline values, with medium-to-large effect sizes. These
findings align with previous research showing RMT’s ergogenic potential in athletic popu-
lations [20], and extend this evidence to female CrossFit athletes specifically. For context,
VO,;max—defined as the maximal rate of oxygen uptake and the gold-standard indica-
tor of cardiorespiratory fitness—represents a key physiological determinant of exercise
performance. Although not directly assessed in our trial, improvements in ventilatory
efficiency and respiratory muscle function induced by RMT may contribute indirectly to
better oxygen utilization and endurance capacity.

Recent bioenergetic analyses have elucidated the energy system demands during
CrossFit benchmark workouts. Rios, et al. [11] demonstrated that the Fran workout elicits
energy from aerobic (62%), anaerobic lactic (26%), and alactic (12%) pathways, highlighting
the primary role of aerobic metabolism even during short, intense efforts. Similarly, Rios,
et al. [31] showed that the Isabel workout relies on oxidative phosphorylation (40%),
glycolytic (45%), and phosphagen (15%) systems, with a balanced demand on oxygen-
dependent and independent metabolism despite its brief duration. Additionally, Rios,
et al. [12] found that these workouts recruit energy from both aerobic and anaerobic
sources, with the proportion varying across rounds. These findings underscore the critical
importance of aerobic capacity in CrossFit performance, a notion supported by a systematic
review from Oliver-Lépez, et al. [32], which concluded that CrossFit chronically enhances
cardiovascular and respiratory endurance.

Previous research has demonstrated that RMT can enhance exercise tolerance and ven-
tilatory efficiency, particularly in aerobic modalities such as cycling and rowing [20,33,34].
Specifically, respiratory muscle endurance training has been shown to improve cycling
performance by 4.7% in time trial tests, with increases in respiratory muscle endurance
capacity of 12% and enhanced ventilatory output during constant work-rate exercise [35].
These benefits have been attributed to improved function of the diaphragm and accessory
respiratory muscles [17,22], with studies reporting increases in PIMAX of 14-14.3% and
maximal expiratory pressure of 27% following 6 weeks of training [36]. Such improvements
increase the efficiency of ventilatory mechanics, facilitate greater oxygen uptake [23,37], and
delay the onset of respiratory muscle fatigue. Furthermore, inspiratory muscle training has
demonstrated improvements in cycling time trial performance of 10.17% in normoxia and
6.62% in hypoxia, with strong correlations between performance and respiratory muscle
strength (r? = 0.695) and oxygen uptake efficiency slope (12 = 0.647) [38]. In our study, the
observed improvements in ventilatory efficiency during high-intensity functional train-
ing likely reflect these same physiological adaptations. Although CrossFit differs from
traditional endurance sports by combining strength and conditioning tasks with rapid
transitions, the repeated bouts of high ventilatory demand appear to benefit from enhanced
respiratory muscle performance in a comparable manner. Thus, the alignment with previ-
ous findings is direct in terms of the underlying mechanisms, improved respiratory muscle
strength and endurance and indirect in terms of their application, as our results extend
these benefits beyond cyclical endurance modalities to mixed-modal exercise.

Previous research has shown that RMT can enhance exercise tolerance and ventilatory
efficiency, particularly in aerobic modalities such as cycling and rowing [20,33,34]. These
benefits have been attributed to improved function of the diaphragm and accessory res-
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piratory muscles [17,22], which increase the efficiency of ventilatory mechanics, facilitate
greater oxygen uptake [23,37], and delay the onset of respiratory muscle fatigue. In our
study, the observed improvements in ventilatory efficiency during high-intensity functional
training likely reflect these same physiological adaptations. Although CrossFit differs from
traditional endurance sports by combining strength and conditioning tasks with rapid
transitions, the repeated bouts of high ventilatory demand appear to benefit from enhanced
respiratory muscle performance in a comparable manner. Thus, the alignment with previ-
ous findings is direct in terms of the underlying mechanisms, improved respiratory muscle
strength, endurance and indirect in terms of their application, as our results extend these
benefits beyond cyclical endurance modalities to mixed-modal exercise.

Although CrossFit differs from cyclical endurance sports in its anaerobic load profile,
its repeated high-intensity bouts likely trigger similar respiratory constraints, including
activation of the metaboreflex [18]. Studies in high-intensity intermittent sports such as
repeated sprint training [39], wrestling [40], and combat sports [41] have also reported
performance gains with RMT. Hackett and Sabag [42] found that RMT improved ventilatory
efficiency and reduced perceived exertion in weightlifting, an activity mechanically and
metabolically comparable to many CrossFit movements. Together, these findings reinforce
that RMT benefits are not exclusive to aerobic endurance but may extend to anaerobic-
dominant performance contexts.

The PIMAX gains observed here have broader implications for health and functional
capacity, with correlation data suggesting a potential causal relationship between inspi-
ratory muscle strength and performance enhancement. The strong correlation between
PIMAX and cycling performance (r? = 0.695) [38], combined with our observed concurrent
improvements in PIMAX (10.6%) and functional performance, supports the hypothesis
that enhanced inspiratory muscle strength may directly contribute to improved exercise
tolerance by reducing work of breathing and delaying respiratory muscle fatigue during
high-intensity exercise. Higher PIMAX has been associated with improved pulmonary
function [43], dynamic balance in older adults [44], and greater diaphragm strength even
in individuals with musculoskeletal disorders [45]. The temporal relationship in our study,
where PIMAX improvements preceded functional gains, provides additional evidence
for a causal rather than correlational relationship. Notably, pre-intervention respiratory
muscle weakness (PIMAX < 62 cmH;,0O) was present in two participants (one in each group)
but resolved in all participants post-intervention, with larger improvements in the RMT
group [46]. This normalization of respiratory muscle strength concurrent with performance
improvements reinforces the potential causal link between inspiratory muscle capacity
and functional outcomes. This suggests that RMT can be an effective adjunct not only for
performance enhancement but also for respiratory health optimization in active females.

A key strength of this study is its exclusive focus on female athletes, addressing a
persistent gap in RMT literature [25]. Sex-specific physiological responses to respiratory
training have been reported [27,30], underscoring the need for sex-stratified analyses. Addi-
tionally, the intervention applied here combined inspiratory and expiratory muscle training
using PowerBreathe® devices, a protocol previously associated with greater respiratory
adaptations than inspiratory-only approaches [22]. However, limitations must be consid-
ered. First, the sample size, while powered for PIMAX, may limit generalizability and the
detection of smaller effects in performance outcomes. Second, we employed per-protocol
analysis to evaluate the efficacy of RMT under controlled adherence conditions, as our
primary objective was to assess the intervention’s biological effect rather than its real-world
implementation. Given the high compliance rates (96.7% completion) and absence of
a sham device, per-protocol analysis reduces misclassification bias and aligns with our
hypothesis-testing framework [47]. Although this approach reduces misclassification bias
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given the high compliance rates (96.7%) and absence of a sham device, it may overestimate
effects compared to intention-to-treat analysis. Third, the lack of a sham device control
means we cannot fully rule out a potential placebo effect, particularly given the modest
absolute improvement in repetitions. Fourth, the loads during WODs were standardized
rather than individually prescribed, which may have led to variations in relative intensity
among participants. Fifth, potential confounders such as menstrual cycle phase, dietary
intake, and baseline aerobic capacity (VO,max) were not controlled. Sixth, the six-week
duration, though sufficient for initial adaptations, may not capture the full scope of RMT
benefits or their retention. Lastly, physiological markers such as lactate concentration,
ventilatory threshold, or muscle oxygenation were not measured, limiting insight into the
mechanisms underlying the observed improvements. Future research should include larger,
sham-controlled trials incorporating individualized intensity monitoring, direct physiologi-
cal measurements, and longer follow-up periods to confirm and expand upon these results.
Investigations comparing inspiratory-only versus combined respiratory muscle protocols,
as well as sex-specific responses, are also warranted.

Practical Applications

Our findings demonstrate that RMT can be feasibly and effectively integrated into
recreational training environments such as CrossFit. From a practical standpoint, RMT is
a low-cost, time-efficient strategy (~5 min per session) that can be implemented without
modifying the existing workout structure. Coaches may incorporate RMT during warm-up
or cool-down routines to minimize disruption. For practical prescription, RMT can be
performed using handheld inspiratory resistance devices. A commonly recommended
protocol consists of 30 breaths at an intensity of ~50-60% of PIMAX, once or twice daily, at
least 4-5 days per week. This dosage has been consistently shown to improve inspiratory
muscle strength, ventilatory efficiency, and exercise tolerance. In CrossFit or other mixed-
modal settings, one daily session (=5 min) is sufficient when integrated into warm-up or
recovery routines. Beyond enhancing ventilatory efficiency and exercise tolerance, RMT
may lower perceived exertion, delay fatigue, and support performance during repeated
high-intensity efforts. Additionally, it may serve as a preventive strategy against respiratory
muscle fatigue during periods of high training load, and as a tool to facilitate return-to-play
in athletes recovering from respiratory illness or detraining.

4. Materials and Methods
4.1. Experimental Approach

This study employed a parallel-group, randomized controlled trial design with
a 1:1 allocation ratio, comparing two interventions: CrossFit training alone (control
group—Cross) versus CrossFit training combined with respiratory muscle training (ex-
perimental group—Cross + RMT). The trial was conducted at a single CrossFit-affiliated
gym to ensure standardization of environment, equipment, and coaching. All partici-
pants completed a 6-week training protocol consisting of structured sessions including
warm-up, strength/skill development, high-intensity WODs, and cool-down (details in
Supplementary Table S1). Outcome measures (sport-specific performance test and maximal
inspiratory pressure) were assessed pre- and post-intervention. The study protocol was
approved by the local ethics committee (no. 6.221.128, CAAE: 71453423.1.0000.5112) and
registered in the Brazilian Clinical Trials Registry (REBEC—RBR-2bd7gnb; registration date:
18 September 2025). The registration occurred after the enrollment of the first participant
due to administrative delays in the submission process. However, the trial methodology
and outcomes had been fully specified in the ethics-approved protocol prior to recruitment,
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and no modifications were made after enrollment began. The full protocol is available from
the corresponding author upon request.

4.2. Participants

The sample size was estimated using G*Power software (v.3.1), based on previous
studies investigating RMT in athletic populations [23,48]. With PIMAX as the primary
outcome, a minimum of 13 participants per group was required to detect a between-group
difference of 16 cmH,0O, with 80% power and alpha of 0.05. Accounting for potential
attrition (~8%), we enrolled 30 participants. Participants were recruited between June
and October 2023 from a CrossFit-affiliated gym. Eligibility criteria included: (a) female
gender; (b) age 20-56 years; (c) >1 year of uninterrupted recreational CrossFit training;
(d) medical clearance for high-intensity exercise; and (e) no current use of bronchodilator
medication. Exclusion criteria were: (a) any medical contraindication to high-intensity
exercise; (b) inability to commit to the full 6-week protocol; or (c) participation in formal
respiratory muscle training within the previous 6 months.

After screening, participants were randomized into RMT (n = 15) or control (n = 14)
groups using a computer-generated sequence stratified by age and anthropometric char-
acteristics. Allocation was concealed via sealed, opaque envelopes opened after baseline
assessments by an independent researcher not involved in outcome assessment. Due to the
physical nature of the RMT intervention, participant blinding was not feasible. However,
outcome assessors were blinded during PIMAX and WOD performance testing. While a
sham protocol using lower %PIMAX could have improved blinding, our primary aim was
to assess efficacy rather than isolate placebo effects. All training sessions were supervised by
CrossFit Level 1 certified coaches who recorded attendance using Supplementary Table S1.
Participants missing >3 of 29 sessions were excluded from analysis. One participant failed
to complete post-testing, resulting in a final sample of 29 recreational female (CROSS:
n = 14; CROSS + RMT: n = 15). Figure 3 shows the participant flow diagram.

Assessed for eligibility

(n=56)
Excluded (n = 26) Randomized (n = 30)
» Not meeting inclusion K \v
criteria (n = 9)
. s Allocated to Cross Allocated to Cross+RMT
« Declined to participate (n
_ (n=15) (n=15)
=9)
« Other exclusions (n = 8)
« Received allocated « Received allocated
intervention (n = 15) intervention (n = 15)

Lost to follow-up
(did not complete post-test)
(n=1)

Lost to follow-up
(n=0)

Analyzed (n = 14) Analyzed (n = 15)

Figure 3. Flow chart of participant selection for Cross and Cross + RMT groups.
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4.3. Training Protocol

The 6-week training program consisted of 29 sessions. Both groups followed the same
standardized CrossFit training protocol, which was structured as follows for each session:

(@) Warm-up (15 min): This phase included 10 min of stretching and joint mobility
exercises focused on major muscle groups, followed by 5 min of dynamic activation
drills specific to CrossFit (e.g., air squats, push-up progressions).

(b) Strength & Skill Development (20 min): This segment combined dynamic exercises
(e.g., Olympic lifts) and static holds (e.g., hollow body positions) to develop technical
proficiency and power.

() WOD (8-15 min): The core component of each session involved high-intensity interval
training or As Many Rounds As Possible (AMRAP) circuits. The specific exercises,
repetitions, and schemes for each WOD across the 6-week period are detailed in
Supplementary Table S1.

(d) Cool-down (5 min): Each session concluded with guided breathing exercises and
low-intensity mobility movements to promote recovery.

Outcome assessors were instructed not to discuss training protocols with participants
during assessment sessions. Assessment sessions were scheduled to minimize interaction
between participants from different groups. No placebo or sham device was provided to
the control group, as this was deemed unnecessary for the study objectives and would
have introduced additional complexity without meaningful benefit. No significant changes
were made to the trial protocol after commencement. All outcome measures and analytical
approaches were prespecified and adhered to throughout the study period.

4.4. Experimental Procedures

All participants were recruited from a single CrossFit affiliate to ensure standardization
of the training program and coaching methodology throughout the 6-week intervention
period. This duration was selected based on previous evidence indicating it represents the
minimum time required to observe meaningful physiological adaptations to RMT [23,33,49].
Following informed consent, baseline assessments were conducted in the following order:
(1) anthropometric measurements (body mass: Welmi® 104A scale; Sao Paulo, Brazil, height:
Alturexata® stadiometer, Sao Paulo, Brazil). Body fat percentage was determined using
the Jackson, et al. [43] three-site skinfold protocol specifically validated for female popula-
tions (triceps, suprailiac, and thigh). Measurements were taken using a calibrated Lange
skinfold caliper (Beta Technology Inc., Cambridge, MD, USA) with an accuracy of =1 mm.
All assessments were performed by a Level 2 ISAK-certified anthropometrist. Triplicate
measurements were taken at each site, and the mean value was used for analysis. Technical
error of measurement was maintained below 5% for all skinfold measurements, ensuring
reliability and consistency across assessments. (2) PIMAX assessment; and (3) sport-specific
CrossFit performance testing. All measurements were repeated following the 6-week
intervention period under identical conditions.

4.5. Specific Performance Test in CrossFit

The primary outcome measure was sport-specific CrossFit performance, assessed
using a standardized 10-min AMRAP test. This test was specifically designed by the
research team based on existing CrossFit competition formats and consisted of completing
as many rounds as possible within 10 min, with each round comprising: (a) 5 shuttle
runs (10 m length per repetition); (b) 10 target burpees (performing a burpee followed by
jumping to touch both hands to a gymnastic bar positioned 25 cm above extended arm
reach); (c) 15 sit-ups (abdominal exercise performed from sitting position with soles of feet
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together); and (d) 20 dumbbell squats (free squats while carrying a 14 kg dumbbell). The
total number of completed repetitions was recorded and used as the performance metric.
The test structure aligns with the sport’s philosophical emphasis on assessing work
capacity across broad time and modal domains, as established in previous CrossFit re-
search [4,8]. The 10-min duration was selected to create significant metabolic stress while
maintaining practicality for pre-post intervention assessment, reflecting the typical time
domain of many CrossFit workouts. This approach ensures ecological validity while pro-
viding a sensitive measure of performance changes specific to the physiological demands
of high-intensity functional training. Figure 4 shows the exercises used in the specific test.

Shuttle Run Burpees to target

- - >

/
7 »

MRkl i@?\ﬁ
\ 4
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L)

Dumbell Squat

Figure 4. Exercises which composed the specific CrossFit performance test. » Exercises sequency.

4.6. Measurement of Respiratory Muscle Strength

PIMAX was assessed using a calibrated digital pressure transducer (PowerBreathe®
K3, HaB International, Southam, UK), a device validated for respiratory muscle strength
testing in athletes [50]. Measurements were performed with participants seated upright
with hips flexed at 90°, wearing a nose clip to prevent air leakage. Following standardized
procedures from the European Respiratory Society, participants performed three maximal
inspiratory efforts against a closed shutter after a full exhalation to residual volume. Each
effort was maintained for 3 s, with 60-s rest intervals between trials. The highest value
obtained from three technically acceptable trials was recorded for analysis.

4.7. RMT Protocol

The RMT group completed their specific training before their regular CrossFit sessions
under direct supervision of the same certified coaches. The protocol consisted of 30 dynamic
inspiratory efforts daily (5 days/week) at 50% of the weekly assessed PIMAX value, using
PowerBreathe® Plus devices (HaB International, Southam, UK). This intensity was selected
based on established protocols demonstrating its efficacy for improving respiratory strength
in athletes Salazar-Martinez, et al. [38]. The training load was adjusted weekly following
reassessment of PIMAX each Monday to maintain the relative intensity throughout the
6-week intervention. The progressive overload principle was thus maintained through
periodic recalibration rather than increasing the percentage of PIMAX.
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4.8. Statistical Analysis

Data normality was assessed using the Shapiro-Wilk test, and homogeneity of vari-
ances was evaluated with Levene’s test. Multicollinearity among covariates was examined
through variance inflation factor (VIF) analysis and correlation matrices. Due to severe
multicollinearity detected in the initial model (mean VIF = 161.4), a reduced covariate
model was implemented, retaining only age, pre-intervention CrossFit test scores, and
pre-intervention PIMAX values (mean VIF = 23.1). Analysis of covariance (ANCOVA)
was performed to examine group differences in post-intervention outcomes (CrossFit test
performance and PIMAX), controlling for the reduced set of covariates. When significant
multivariate effects were observed, analyses of variance (ANOVA) were conducted for
each dependent variable. Effect sizes were calculated using partial eta-squared (np?) and
interpreted as small (0.01), medium (0.06), or large (>0.14) [51]. Cohen’s d was computed
for between-group comparisons. Paired t-tests were used to assess within-group changes
from pre- to post-intervention. Statistical significance was set at o« = 0.05, with trends
toward significance considered at p < 0.10. All analyses were performed using Python 3.11
with statsmodels and scipy libraries.

5. Conclusions

This randomized controlled trial provides evidence that adding RMT to regular Cross-
Fit practice improves both PIMAX and sport-specific performance in female athletes. These
findings extend previous evidence from endurance and strength sports to mixed-modal,
high-intensity functional training contexts. The results highlight RMT as a practical, low-
cost, and time-efficient adjunct capable of enhancing ventilatory function and supporting
performance in competitive or recreational CrossFit settings.
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Abbreviations

The following abbreviations are used in this manuscript:

ALT Alternate
AMRAP As many rounds as possible
ANCOVA  Analysis of Covariance

BJ Box jump

BOB Burpee Over the Bar

BP Burpee

BSU Box step-up

Cal Calories

CAAE Ethical approval code
DB Dumbbell

DL Deadlift

DU Double under

HC Hang clean

HSPU Handstand push-up
KTB Kettlebell swing

MB Medicine ball

PIMAX Maximal inspiratory pressure
Mon Monday

OHS Overhead squat

PC Power clean

PU Pull-up

RC Rope climb

REBEC Brazilian clinical trials registry
RMT Respiratory muscle training
SDHP Sumo deadlift high pull
SNT Snatch

SQ Squat

TTB Toes-to-bar

Tue Tuesday

VO,max Maximal oxygen uptake
WB Wall ball

Wed Wednesday

WOD Workout of the day
WW Wall walk

yrs Years

np? Partial eta squared
cmH,O Centimeters of water
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