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Abstract

Background: Different sports induce distinct patterns of cardiovascular
adaptation based on their specific physiological demands. Boxing combines
elements of both endurance and power training, creating a unique adaptive
stimulus that differs from pure endurance sports. Objective: To compare and
contrast cardiovascular adaptations in elite boxers with those observed in
endurance athletes, examining structural remodeling, functional capacity,
autonomic regulation, and metabolic characteristics. Methods: A comprehensive
review of literature examining cardiac morphology, electrocardiographic patterns,
heart rate variability, and physiological profiles in boxers, swimmers, rowers, and
cyclists was conducted. Studies utilizing advanced imaging techniques and
physiological assessments were analyzed to identify sport-specific adaptation
patterns. Results: Elite boxers demonstrate a mixed pattern of cardiovascular
adaptation, combining features of both endurance and resistance training
adaptations. Compared to pure endurance athletes, boxers show more balanced
ventricular hypertrophy with relatively less chamber dilation, different autonomic
modulation patterns, and distinct metabolic profiles. Both groups demonstrate
elevated heart rate variability compared to untrained individuals, though the
magnitude and specific HRV parameters differ between sports. Gender-specific
differences in adaptation patterns are evident across both boxing and endurance

sports. Conclusions: Boxing induces unique cardiovascular adaptations that
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reflect its combined endurance and power demands. Understanding these sport-
specific differences is essential for appropriate clinical interpretation, training
optimization, and development of tailored screening protocols. The comparative
analysis provides insights into the plasticity of cardiovascular adaptation and the
specificity of training responses.

Keywords: boxing, endurance athletes, cardiac remodeling, heart rate
variability, athlete's heart, sports cardiology, comparative physiology,

cardiovascular adaptation

Introduction

The human cardiovascular system demonstrates remarkable plasticity in
response to chronic exercise training, with adaptations closely reflecting the
specific physiological demands imposed by different sports (Utomi et al., 2013).
While the concept of «athlete's heart» has been recognized for over a century,
contemporary research reveals substantial heterogeneity in cardiovascular
remodeling patterns across athletic disciplines.

Endurance sports such as swimming, cycling, and rowing have been
extensively studied and serve as prototypical examples of volume-overload
training that induces eccentric cardiac hypertrophy characterized by proportional
increases in chamber dimensions and wall thickness (Utomi et al., 2013). In
contrast, resistance training typically produces pressure-overload stimuli leading
to more concentric hypertrophy patterns with greater wall thickening relative to
chamber enlargement.

Boxing occupies a unique position in the spectrum of athletic disciplines,
combining sustained aerobic efforts during training and competition with repeated
explosive, high-intensity anaerobic bursts (Chaabene et al., 2015). The sport

demands exceptional cardiovascular endurance to maintain high work rates
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throughout multiple rounds, while simultaneously requiring explosive power for
rapid punch combinations and defensive movements (Davis et al., 2015).

This mixed training stimulus creates cardiovascular adaptations that differ
from pure endurance or resistance training, yet these sport-specific differences
remain incompletely characterized. Understanding these distinctions has important
implications for clinical evaluation of athletes, development of sport-specific
screening protocols, training optimization, and assessment of cardiovascular health
across athletic populations.

Recent advances in cardiac imaging, particularly cardiovascular magnetic
resonance (CMR), refined electrocardiographic interpretation criteria for athletes,
and widespread adoption of heart rate variability (HRV) monitoring have enabled
more detailed characterization of sport-specific cardiovascular adaptations
(Drezner et al., 2017; Kramer et al., 2008). Additionally, recognition of gender-
specific differences in cardiovascular adaptation patterns has highlighted the need
for sex-stratified analyses across different sports (Bianco et al., 2023).

This article provides a comprehensive comparative analysis of
cardiovascular adaptations in elite boxers versus endurance athletes, examining
structural remodeling, functional parameters, autonomic regulation, metabolic
characteristics, and clinical implications of these sport-specific differences.

Elite boxers engage in multifaceted training regimens that typically include
6-12 sessions per week encompassing various modalities. Aerobic conditioning
through road running or cycling forms the foundation, with sessions often lasting
30-60 minutes at moderate to high intensities. Technical training includes pad
work, bag work, and sparring sessions that involve repeated high-intensity efforts
lasting 2-3 minutes followed by brief rest periods (Chaabene et al., 2015).

During competitive bouts, boxers maintain heart rates between 85-95% of
maximum throughout three-minute rounds, with activity profiles showing

approximately 33% of time spent in high-intensity activity (Davis et al., 2015).
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This creates a combined cardiovascular stimulus involving sustained elevated
cardiac output with superimposed bursts of maximal effort.

Studies examining cardio-respiratory responses during simulated boxing
contests demonstrate significant metabolic demands, with oxygen consumption
reaching 70-85% of maximum and substantial anaerobic contributions during
high-intensity exchanges (Kamandulis et al., 2018). The intermittent nature of
boxing creates unique cardiovascular stress patterns distinct from the more steady-
state demands of endurance sports.

Pure endurance athletes such as distance runners, cyclists, swimmers, and
rowers typically train 10-20 hours per week primarily at moderate intensities with
periodic high-intensity interval sessions. Training emphasizes sustained
cardiovascular output over extended periods, with competitive events lasting from
several minutes to several hours depending on the discipline.

For example, elite swimmers train 8-12 sessions weekly with daily distances
often exceeding 10 kilometers, creating substantial volume-overload
cardiovascular stimuli (Kamandulis et al., 2020). Similarly, world-class rowers
engage in extensive training volumes combining on-water rowing with ergometer
sessions and supplementary conditioning (Plews et al., 2016).

The cardiovascular workload in endurance sports predominantly involves
volume overload with relatively modest pressure-overload components,
contrasting with the mixed stimulus in boxing that includes both sustained cardiac
output demands and explosive power requirements.

The metabolic profile of boxing differs substantially from pure endurance
sports. While both require significant aerobic capacity, boxing involves greater
reliance on anaerobic energy systems during high-intensity exchanges and punch
combinations. Studies examining physiological profiles of Indian boxers reveal
well-developed aerobic capacity combined with superior anaerobic power

compared to general athletic populations (Singh et al., 2013).
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Endurance athletes typically demonstrate higher maximal oxygen
consumption (VO2max) values than boxers, reflecting greater oxidative capacity
developed through high training volumes. However, boxers show superior
performance in tests of anaerobic power and repeated high-intensity efforts,
adaptations specific to their sport's demands (Chaabene et al., 2015).

The pattern of left ventricular (LV) remodeling represents the most
distinctive difference between boxers and endurance athletes. Endurance-trained
athletes typically develop eccentric hypertrophy characterized by proportional
increases in chamber dimensions and wall thickness, with LV end-diastolic
volumes often exceeding 60-70 mL/m? and wall thickness generally remaining
below 12 mm (Utomi et al., 2013).

In contrast, boxers demonstrate a more balanced remodeling pattern with
moderate increases in both chamber dimensions and wall thickness, reflecting the
combined volume and pressure overload of their training. Meta-analyses
examining cardiac morphology across training modalities confirm that mixed-
sport athletes, including boxers, show intermediate patterns between pure
endurance and pure resistance training adaptations (Utomi et al., 2013).

The relative wall thickness (RWT), calculated as twice the posterior wall
thickness divided by LV end-diastolic dimension, provides useful discrimination
between remodeling patterns. Endurance athletes typically maintain normal or
slightly reduced RWT due to proportional chamber and wall growth, while
resistance-trained athletes may show elevated RWT. Boxers generally demonstrate
RWT values between these extremes, reflecting their mixed training stimulus.

Reference ranges established from large population studies using
standardized CMR protocols demonstrate that endurance athletes develop the most
pronounced chamber enlargement among athletic populations (Petersen et al.,

2017). LV end-diastolic volumes in elite endurance athletes frequently exceed
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100-110 mL/m? in males and 80-90 mL/m? in females, representing substantial
adaptations beyond normal population ranges.

Boxers show moderate chamber enlargement, typically with LV end-
diastolic volumes of 90-100 mL/m?2 in males and 70-80 mL/m? in females, values
intermediate between sedentary individuals and pure endurance athletes. This
reflects adequate stroke volume enhancement for their sport's demands without the
extreme chamber dilation seen in athletes training 15-25 hours weekly in
endurance disciplines.

Right ventricular adaptation follows similar patterns, with endurance
athletes demonstrating more pronounced RV enlargement compared to boxers.
Standardized CMR protocols enable comprehensive assessment of biventricular
remodeling across athletic populations (Kramer et al., 2008).

LV wall thickness measurements provide another point of differentiation
between sports. Pure endurance athletes rarely develop wall thickness exceeding
12 mm, and values above 13 mm should prompt careful evaluation for pathology
even in elite performers. The increased LV mass in endurance athletes results
primarily from chamber dilation rather than wall thickening (Utomi et al., 2013).

Boxers may develop slightly greater wall thickness, with values of 12-13
mm being common in elite male competitors and occasional exceptional athletes
approaching 14 mm while remaining within physiological limits (Chaabene et al.,
2015). This greater relative wall thickness reflects the power and explosive
strength components of boxing training that create pressure-overload stimuli.

Resistance-trained athletes, particularly those in strength sports, may
develop even greater wall thickness (13-15 mm) with less chamber dilation,
representing the most concentric pattern of athletic cardiac adaptation. Boxing
thus occupies an intermediate position between endurance and strength sports in

terms of hypertrophy patterns.
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Left atrial enlargement occurs in both boxers and endurance athletes as an
adaptation to enhance diastolic filling and stroke volume. Studies suggest that
endurance athletes may develop more pronounced left atrial enlargement given the
greater chronic volume overload their hearts experience during prolonged training
sessions (Petersen et al., 2017).

However, excessive atrial enlargement in any athletic population warrants
careful evaluation to exclude underlying pathology or assess potential arrhythmia
risk, as marked atrial dilation may predispose to atrial fibrillation even in the
absence of structural heart disease.

Recent research has increasingly recognized important gender differences in
cardiovascular adaptation to athletic training across all sports disciplines. These
differences have implications for establishing appropriate reference ranges and
interpretation criteria.

Studies comparing male and female Olympic boxers reveal that while both
sexes develop cardiac adaptations, males demonstrate more pronounced structural
changes including greater absolute increases in LV mass, wall thickness, and
chamber dimensions (Bianco et al., 2023). Female boxers show relatively greater
improvements in diastolic function and contractile efficiency compared to
structural remodeling magnitude.

Research examining gender dimorphism indicators in combat sports and
acrobatic athletes demonstrates that physiological adaptations, including
cardiovascular remodeling, follow sex-specific patterns related to hormonal
influences, body composition differences, and potentially differential training
responses (Bachynska et al., 2025). Heart rate variability patterns also differ
between male and female combat athletes across training periods (Bachynska et
al., 2023).

Similar gender patterns exist in endurance sports, with male athletes

developing greater absolute cardiac dimensions while female athletes show larger
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relative increases compared to sex-specific population norms. Studies in
swimmers, for instance, demonstrate that while male swimmers develop greater
absolute LV mass and chamber volumes, female swimmers show proportionally
larger adaptations relative to baseline values (Kamandulis et al., 2020).

The clinical implication is that diagnostic criteria and reference ranges must
account for sex-specific differences to avoid misclassification of physiological
adaptations as pathological in male athletes or failure to detect pathology in female
athletes.

Boxers commonly demonstrate training-related ECG changes including
sinus bradycardia (often 40-50 bpm at rest), first-degree atrioventricular block,
incomplete right bundle branch block, early repolarization patterns, and increased
QRS voltage consistent with LV hypertrophy (Drezner et al., 2017). The
prevalence and magnitude of these findings correlate with training volume and
competitive level.

Application of international consensus criteria for ECG interpretation in
athletes enables standardization of screening and reduces false-positive rates while
maintaining sensitivity for detecting pathological conditions (Drezner et al., 2017).
Comparative studies of different interpretation criteria demonstrate that athlete-
specific approaches significantly improve specificity compared to standard clinical
ECG criteria (Riding et al., 2015).

Endurance athletes typically demonstrate even more pronounced training-
related ECG changes compared to boxers, reflecting their greater vagal tone and
more pronounced cardiac remodeling. Sinus bradycardia may be more severe (30-
45 bpm), and voltage criteria for LV hypertrophy are frequently met despite
generally modest wall thickness increases, reflecting the chamber enlargement and
enhanced stroke volume.

Early repolarization patterns, including J-point elevation and tall T waves,

occur very commonly in endurance athletes and represent benign training
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adaptations. However, certain patterns such as anterior T-wave inversions beyond
V1, pathological Q waves, or QTc prolongation require investigation regardless of
sport (Drezner et al., 2017).

Understanding sport-specific ECG patterns enables more accurate
interpretation during pre-participation screening. While the basic principles of
ECG evaluation remain consistent across sports, awareness that endurance athletes
may demonstrate more pronounced changes helps avoid unnecessary
investigations while maintaining appropriate vigilance for pathological findings.

The standardized approach outlined in international consensus statements
provides a framework applicable across athletic populations while recognizing
sport-specific variations (Drezner et al., 2017).

Heart rate variability analysis has emerged as a valuable tool for assessing
autonomic function, training adaptation, and recovery status across athletic
populations. Comparative analysis of HRV patterns between boxers and endurance
athletes reveals both similarities and important differences.

Both boxers and endurance athletes demonstrate elevated HRV compared to
sedentary populations, reflecting enhanced parasympathetic tone and
cardiovascular autonomic regulation (Kiss et al., 2016). This adaptation
contributes to resting bradycardia and represents a favorable training response
associated with improved cardiac efficiency.

Detailed HRV analysis in athletes reveals complex patterns across multiple
time-domain and frequency-domain parameters. Elite athletes across disciplines
typically show increased RMSSD (root mean square of successive differences),
SDNN (standard deviation of normal-to-normal intervals), and enhanced high-
frequency power, all indicating robust parasympathetic activity (Kiss et al., 2016).

Studies comparing HRV across different sports suggest that endurance
athletes may develop slightly greater parasympathetic dominance compared to

mixed-sport athletes like boxers, reflecting their higher training volumes and
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predominantly aerobic training stimulus. However, substantial individual variation
exists, and sport-specific differences are generally smaller than the overall
difference between trained and untrained individuals.

Research examining day-to-day HRV recordings in world champion rowers
emphasizes the importance of appreciating individual athlete characteristics and
establishing personalized baselines rather than relying solely on group
comparisons (Plews et al., 2016). This principle applies across all sports, including
boxing.

Studies in combat athletes including acrobats demonstrate that HRV
adaptations parallel training progression and show gender-specific patterns, with
male athletes typically demonstrating slightly greater absolute HRV values though
both sexes show similar relative adaptations (Bachynska et al., 2023).

HRV monitoring provides practical applications for training load
management across athletic populations. In endurance sports, HRV has been used
to guide training intensity, with studies in swimmers and cyclists demonstrating
associations between HRV patterns and injury risk, performance capacity, and
optimal training prescription (Lima-Borges et al., 2018; Leicht et al., 2018).

For boxers and other combat athletes, HRV monitoring enables assessment
of recovery from intensive training periods, detection of overreaching or
overtraining, and optimization of tapering strategies before competition. Studies
examining HRV during strength and high-intensity interval training overload
microcycles demonstrate the utility of HRV for detecting excessive training stress
(Schneider et al., 2019).

Professional team sport athletes, such as soccer players, benefit from HRV
monitoring for assessing match fatigue and recovery time-course, principles
applicable to boxers managing training loads and competition schedules (Rabbani
etal., 2019).
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Systematic reviews examining HRV biofeedback effects on sport
performance suggest potential benefits across disciplines, though effects vary by
sport type, athlete level, and intervention protocol (Morgan & Mora, 2017). HRV-
guided training approaches show promise for optimizing performance while
minimizing injury and illness risk.

For both boxers and endurance athletes, HRV assessment provides valuable
insights into autonomic balance, training adaptation, and readiness to perform.
Integration of HRV monitoring with other load and recovery metrics creates
comprehensive athlete management systems.

Maximal oxygen consumption (VO:max) represents the gold standard
measure of aerobic capacity and differs substantially between boxers and
endurance athletes. Elite endurance athletes in disciplines such as cross-country
skiing, distance running, and cycling may achieve VO.max values exceeding 70-
80 mL/kg/min in males and 60-70 mL/kg/min in females, representing the highest
values observed in athletic populations.

Elite boxers typically demonstrate VO.max values of 55-65 mL/kg/min in
males and 45-55 mL/kg/min in females, values substantially above general
population norms but below pure endurance athletes (Chaabene et al., 2015; Singh
et al., 2013). These values reflect adequate aerobic capacity for boxing's demands
without the extreme oxidative adaptation of athletes training 15-25 hours weekly
In endurance sports.

The lower relative VO2max in boxers compared to endurance athletes does
not indicate inadequate conditioning but rather sport-specific adaptation. Boxing
success depends on multiple capacities beyond maximal aerobic power, including
anaerobic capacity, power, speed, technical skill, and tactical acumen.

Boxers demonstrate superior anaerobic capacity and power compared to
pure endurance athletes, reflecting their training emphasis on explosive

movements and repeated high-intensity efforts. Studies examining physiological

56



STREDOEVROPSKY VESTNiK PRO VEDU VYZKUM. 2026. Vol. 2. Ne 3.

profiles reveal that boxers excel in tests of anaerobic power, repeated sprint
ability, and explosive strength compared to endurance-trained athletes (Chaabene
etal., 2015).

This anaerobic emphasis creates different metabolic adaptations, with
boxers showing greater buffering capacity, lactate tolerance, and phosphagen
system development compared to endurance athletes who rely primarily on
oxidative metabolism.

Both boxers and endurance athletes develop enhanced stroke volume
compared to untrained individuals, though the magnitude differs. Endurance
athletes with their greater chamber enlargement typically achieve larger absolute
stroke volumes, often exceeding 100-120 mL at rest and 160-180 mL during
maximal exercise in elite performers.

Boxers show moderate stroke volume enhancements adequate for their
sport's demands, typically 80-100 mL at rest and 140-160 mL during maximal
exercise. Combined with appropriate heart rate responses, this enables sufficient
cardiac output for high-level boxing performance.

The maximal cardiac output during exercise may be greater in endurance
athletes given both higher stroke volumes and ability to sustain elevated heart rates
throughout prolonged efforts. However, boxers require adequate cardiac output
during repeated high-intensity bursts rather than sustained maximal output,
representing different cardiovascular demands.

Within combat sports, boxers share cardiovascular characteristics with other
striking disciplines such as kickboxing and mixed martial arts, though differences
exist based on specific sport demands. Studies examining judo athletes reveal
similar mixed patterns of cardiac adaptation reflecting the combination of strength,
power, and endurance requirements (Drid et al., 2015).

International versus national level comparisons within combat sports

demonstrate that elite competitors develop more pronounced cardiovascular
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adaptations, emphasizing the importance of competitive level when interpreting
cardiac findings (Drid et al., 2015).

Team sport athletes such as soccer and basketball players demonstrate
cardiovascular adaptations somewhat similar to boxers, reflecting the intermittent
high-intensity nature of their sports. Studies examining heart rate variability in
professional basketball players for assessing ventilatory thresholds reveal patterns
intermediate between pure endurance and power athletes (Ramos-Campo et al.,
2017).

However, the specific movement patterns, metabolic demands, and training
structures differ substantially between team sports and boxing, creating nuanced
differences in adaptation patterns.

The spectrum of cardiovascular adaptations across different sports
demonstrates the remarkable plasticity and specificity of human physiological
responses to training. Understanding this specificity enables:

1. More accurate clinical interpretation of cardiac findings in athletes
from different disciplines

2. Recognition that reference ranges and diagnostic thresholds may re-
quire sport-specific adjustment

3. Appreciation that "athlete's heart" is not a single entity but rather a
family of adaptations reflecting specific training stimuli

4, Development of sport-specific screening and monitoring protocols

5. Optimization of training approaches based on known adaptation pat-
terns.

While comprehensive cardiovascular screening using standardized
approaches applies across all sports (Drezner et al., 2017), awareness of sport-
specific adaptation patterns improves interpretation accuracy. Clinicians

evaluating boxers should recognize that modest wall thickness increases (12-13
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mm) may be physiological even when slightly exceeding typical values for pure
endurance athletes.

Conversely, the extreme chamber dilation sometimes observed in ultra-
endurance athletes requires careful evaluation to ensure physiological adaptation
rather than underlying cardiomyopathy, even when wall thickness remains normal.

Current diagnostic criteria for conditions such as hypertrophic
cardiomyopathy utilize universal cutoff values (typically LV wall thickness >15
mm) regardless of athletic discipline (Elliott et al., 2014). While this approach
maintains diagnostic sensitivity, awareness of sport-specific patterns helps
clinicians assess borderline cases more accurately.

An endurance athlete with 14 mm wall thickness warrants more concern
than a boxer with similar measurements, given that endurance training rarely
produces such thickness. Conversely, marked chamber dilation may be more
acceptable in endurance athletes than in boxers where such findings are less
typical.

Understanding sport-specific cardiovascular adaptations enables more
targeted training prescription. Boxers require sufficient endurance training to
develop adequate aerobic capacity while maintaining focus on power, speed, and
anaerobic capacity development. Excessive endurance training volume could
potentially impair power and speed characteristics essential for boxing success.

Conversely, endurance athletes benefit from understanding that excessive
concurrent strength training may interfere with optimal endurance adaptations,
though some strength work enhances injury resistance and performance in most
endurance disciplines.

Sport-specific demands influence return-to-sport decision-making after
cardiac issues. The explosive, high-intensity nature of boxing creates substantial

cardiovascular stress that may exceed safe limits for athletes with certain cardiac
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conditions, even when those athletes might safely participate in moderate-intensity
endurance activities.

Individualized assessment considering specific sport demands, cardiac
condition severity, and athlete preferences enables optimal shared decision-
making regarding competitive participation.

Comparing  cardiovascular  adaptations  across  sports  presents
methodological challenges including:

1. Selection of competitive level: Elite athletes in different sports may
represent different percentiles of human performance capacity, complicating direct
comparisons

2. Age and training history effects: Career length and age of training ini-
tiation vary across sports

3. Body composition differences: Sports select for different anthropo-
metric characteristics that influence cardiac measurements

4, Imaging modality consistency: Standardized protocols are essential
for valid comparisons

5. Gender representation: Many historical studies focused predominant-
ly on male athletes, limiting understanding of female athletic adaptations.

The development and adoption of standardized cardiovascular assessment
protocols across athletic populations enhances the validity of comparative
research. Initiatives such as standardized CMR protocols and international
consensus criteria for ECG interpretation represent important advances (Kramer et
al., 2008; Drezner et al., 2017).

Future research should emphasize:

1. Longitudinal studies tracking athletes throughout their careers.

2. Inclusion of diverse athletic populations including underrepresented

sports and demographic groups.
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3. Multi-modality assessment combining imaging, electrocardiography,
HRYV analysis, and functional testing.

4, Genetic and molecular analyses to understand mechanisms underlying
sport-specific adaptations.

5. Post-retirement follow-up to assess long-term cardiovascular health
outcomes.

Practical Applications and Recommendations For Clinicians:

1. Recognize that «athlete's heart» encompasses diverse adaptation pat-
terns reflecting sport-specific training stimuli.

2. Consider sport type when interpreting cardiac findings, using sport-
specific expectations to guide clinical decision-making.

3. Apply standardized screening protocols while incorporating aware-
ness of sport-specific variations.

4, Utilize multi-modality assessment including ECG, echocardiography,
CMR, and HRV analysis for comprehensive evaluation.

5. Engage sports cardiology specialists for complex cases requiring dif-
ferentiation of physiological from pathological findings.

For Coaches and Sports Scientists:

1. Understand cardiovascular demands of specific sports to optimize
training prescription.

2. Implement HRV monitoring and other objective tools to assess train-
Ing adaptation and recovery.

3. Balance training components appropriately for sport-specific de-
mands (e.g., adequate endurance for boxing without excessive volume that impairs
power development).

4, Recognize individual variation in adaptation rates and patterns, per-

sonalizing training approaches accordingly.
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5. Collaborate with medical professionals to ensure athlete cardiovascu-
lar health while optimizing performance.

For Athletes:

1. Understand that cardiovascular adaptations reflect normal responses
to training and contribute to performance.

2. Participate in recommended cardiovascular screening to ensure struc-
tural and electrical cardiac health.

3. Utilize available monitoring tools (HRV, subjective wellness
measures) to optimize training and recovery.

4. Communicate with coaches and medical professionals about unusual
symptoms or concerns.

5. Maintain perspective that while athletic training produces cardiac
changes, these generally represent healthy adaptations.

Conclusion

Cardiovascular adaptations in elite boxers differ substantially from those
observed in pure endurance athletes, reflecting the unique physiological demands
of boxing that combine endurance, power, speed, and repeated high-intensity
efforts. Boxers demonstrate a mixed pattern of cardiac remodeling intermediate
between the eccentric hypertrophy of endurance athletes and the more concentric
patterns of strength athletes, with moderate chamber enlargement and balanced
wall thickness increases.

Both boxers and endurance athletes develop enhanced parasympathetic tone
reflected in elevated heart rate variability, though endurance athletes may show
slightly greater magnitude given their higher training volumes. Gender-specific
differences in adaptation patterns exist across both sports, with males generally
demonstrating more pronounced structural changes while females show relatively

greater functional improvements.
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Understanding these sport-specific differences has important clinical
implications for cardiovascular screening, interpretation of cardiac findings,
differentiation of physiological from pathological conditions, and optimization of
training approaches. The application of standardized assessment protocols
combined with awareness of sport-specific adaptation patterns enables accurate
diagnosis and appropriate management.

Comparative analysis of cardiovascular adaptations across sports
demonstrates the remarkable plasticity of the cardiovascular system and the
specificity of training responses. This understanding enhances both clinical care of
athletes and optimization of training methodologies. Continued research
examining sport-specific adaptations, particularly longitudinal studies and
investigations including diverse and underrepresented populations, will further
refine our understanding and improve care for athletes across all disciplines.

The integration of advanced imaging techniques, HRV monitoring, genetic
analyses, and functional assessments promises to provide increasingly
sophisticated understanding of cardiovascular adaptation mechanisms and enable
truly personalized approaches to athlete assessment, training, and medical care. As
sports science and sports cardiology continue evolving, the goal remains
optimizing both athlete performance and long-term cardiovascular health across

the diverse spectrum of athletic disciplines.
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