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Abstract

Objectives. This study aimed to compare the effects of plyometric training (PT) and combined plyometric plus core
training (PT+CT) on autonomic nervous system regulation and local muscle oxygenation during resistance exercise
in collegiate athletes. Specifically, changes in heart rate variability (HRV), muscle oxygen saturation (SmO,), and
performance parameters were examined following a 10-week intervention.

Materials and Methods. A three-arm, parallel-group, assessor-blinded randomized controlled trial was conducted
with 45 collegiate athletes (aged 19-24 years) from volleyball, soccer, and basketball backgrounds. Participants were
randomly assigned to PT (n = 15), PT+CT (n = 15), or a control group (CON; n = 15). The PT group performed
progressive plyometric exercises, while the PT+CT group completed identical plyometric training supplemented with
structured core exercises, three sessions per week for 10 weeks. The CON group continued sport-specific training
only. Primary outcomes included resting and post-exercise HRV indices (RMSSD, SDNN, HF power, LF/HF ratio)
and SmO, measured via near-infrared spectroscopy during incremental back squat at 60%, 70%, and 80% of 1-RM.
Secondary outcomes included maximal strength, jump performance, blood lactate, and perceived exertion.

Results. Forty-two participants completed the study. Both PT and PT+CT groups showed significantly greater
improvements in 1-RM back squat compared with CON (P < .001). The PT+CT group demonstrated superior
increases in resting RMSSD compared with PT (P =.008) and CON (P < .001). During high-intensity exercise (80%
1-RM), SmO, was significantly higher in PT+CT than in both PT and CON (P < .01). Post-exercise HF power was
better preserved in PT+CT than CON (P = .003). Additionally, countermovement jump performance improved more
in PT+CT than PT (P =.04) and CON (P < .001), with no significant differences observed in blood lactate or RPE.
Conclusions. The findings confirm that combined plyometric and core training elicits superior improvements in
autonomic regulation and muscle oxygenation compared to plyometric training alone, supporting its integration into
resistance-based conditioning programs for enhanced physiological and performance adaptations.

Keywords: plyometric training, core stability, heart rate variability, muscle oxygenation, near-infrared spectroscopy,
resistance exercise, autonomic regulation.
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Introduction

Plyometric training, which exploits the stretch-
shortening cycle to generate maximal force in brief time
intervals, has become a standard conditioning tool across
team sports (Zhang et al., 2026). Numerous randomized
trials and meta-analyses confirm that structured plyometric
programs improve jump height, sprint speed, change-of-
direction ability, and lower-limb power in young athletes
(Markovic & Mikulic, 2010; Moran et al., 2024; Ramirez-
Campillo et al., 2018; Sun et al., 2025). These neuromuscular
benefits are driven by enhanced motor unit recruitment,
increased rate of force development, and improvements in
tendon stiffness and fascicle behavior that collectively raise
the ceiling for explosive movement (Cormie et al., 2011;
Suchomel et al., 2016).

Core musculature, encompassing the deep stabilizers
of the lumbo-pelvic-hip complex and the superficial global
movers of the trunk, functions as the kinetic link between
lower and upper extremities during athletic tasks (Kibler
et al,, 2006). Deficits in core stability reduce force transfer
across the kinetic chain, impair balance under dynamic
loading, and may elevate injury risk (Hibbs et al., 2008;
Reed et al., 2012). A 2025 comprehensive meta-analysis of
29 randomized controlled trials involving 956 athletes aged
15 to 25 years reported that core training produced large
improvements in general athletic performance (standardized
mean difference, 1.38; 95% CI, 0.85-1.82; P < .001), with
particularly strong effects on core endurance and balance (Yu
et al,, 2025). Several investigators have therefore proposed
combining plyometric and core exercises into integrated
programs, reasoning that the postural control and trunk
rigidity developed through core work should amplify the
force-transfer benefits of plyometric loading (Cabrejas et al.,
2023; Prieske et al., 2016).

Despite abundant data on performance outcomes,
relatively little is known about how these training modalities
influence autonomic nervous system regulation and local
muscle oxygenation during subsequent resistance exercise
(Benjamim et al., 2021; Leng et al., 2024; Ruiz-Moreno et al.,
2022). Heart rate variability, a noninvasive index of cardiac
autonomic modulation, reflects the dynamic interplay between
sympathetic and parasympathetic activity and is widely
used to monitor training adaptation and recovery in athletic
populations (Addleman et al., 2024; Buchheit, 2014). A 2025
systematic meta-analysis examining long-term exercise effects
on HRV reported that high-intensity interventions can improve
both time-domain indices (SDNN, RMSSD) and frequency-
domain parameters (HF power), with the magnitude of change
depending on training modality and baseline fitness (W.
Zhang et al., 2025). Whether plyometric or combined training
produces distinctive autonomic adaptations remains unclear
(Yang et al., 2024).

Muscle oxygen saturation, measured by near-infrared
spectroscopy (NIRS), provides real-time insight into the
local balance between oxygen delivery and utilization within
working muscle (Boushel & Piantadosi, 2000; Tuesta et al.,
2022). An updated 2024 systematic review identified muscle
oximetry as a particularly promising wearable biosensor for
monitoring skeletal muscle oxidative performance and training
adaptation in sports (Perrey et al., 2024). During resistance
exercise, SmO, declines as metabolic demand outstrips capillary

oxygen supply; the rate and magnitude of this desaturation
relate to exercise tolerance, fatigue onset, and local vascular
capacity (Baker et al., 2010). Training-induced improvements
in capillary density, mitochondrial function, and endothelial
vasodilatory capacity can shift these dynamics favorably, yet few
studies have tracked SmO, responses to incremental loading
before and after structured plyometric or combined training
programs (Pelka et al., 2024).

To address these gaps, we designed a 10-week, three-
arm randomized controlled trial comparing plyometric
training alone, combined plyometric and core training, and
sport-specific training only (control) in collegiate team-
sport athletes. We hypothesized that both training groups
would improve strength, jump performance, and autonomic
recovery relative to control, and that the combined group
would demonstrate additional advantages in HRV indices
and SmO, preservation during high-intensity resistance
exercise, reflecting enhanced cardiovascular efficiency and
local oxidative capacity.

Materials and Methods

Study Design

A three-arm, parallel-group, assessor-blinded
randomized controlled trial was conducted at the Saveetha
School of Physical Education, Saveetha Institute of Medical
and Technical Sciences (SIMATS University), Tamil Nadu,
India, between August 2024 and January 2025. The study
protocol was reviewed and approved by the Institutional
Ethics Committee of SIMATS University, and all procedures
were carried out in accordance with established ethical
standards for human research. All procedures conformed
to the Declaration of Helsinki (“World Medical Association
Declaration of Helsinki,” 2013). Written informed consent
was obtained from every participant prior to baseline testing.

Participants

Forty-five collegiate athletes (30 men, 15 women; age
19-24 years) were recruited from the university volleyball,
soccer, and basketball teams between August and September
2024. Eligibility required a minimum of 2 years of structured
resistance and sport-specific training (at least 3 sessions per
week), familiarity with back squat and bench press exercises,
and clearance on a pre participation physical examination.
Exclusion criteria were current musculoskeletal injury, use of
ergogenic supplements or anabolic agents within the preceding
3 months, diagnosed cardiovascular or metabolic disease, and
any condition that could preclude maximal effort testing. A
priori sample size estimation (G*Power 3.1.9.7) indicated that
12 participants per group were needed to detect a medium-
to-large effect (Cohen f = 0.40) with 80% power at alpha = .05
for a 3 x 2 repeated-measures design, assuming a correlation
among repeated measures of 0.50. We enrolled 15 per group
to account for potential attrition. Figure 1 illustrates the overall
experimental design and study timeline.

Randomization and Blinding

After baseline testing, participants were stratified
by sex and sport and then randomly allocated in a 1:1:1
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EXPERIMENTAL DESIGN

Enrollment: 45 Collegiate Athletes
(Volleyball, Soccer, Basketball)
Age: 19-24 years

Stratified Randun@'zatian (sex, sport)

L

PT Group PT+CT Group CON Group
(n = 15) (n =15) (n=15)
Plyometric Training Plyometric + Core Sport-Specific
3x/week, 10 weeks 3x/week, 10 weeks Training Only
Week 0 10-Week Week 11

Pre-Test Intervention Post-Test

PRE-TEST (Day 1)
- Anthropometry
- Resting HRV (10 min)
- 1-RM Back Squat
- 1-RM Bench Press

POST-TEST (Day 1)
- Anthropometry
- Resting HRV (10 min)
- 1-RM Back Squat
- 1-RM Bench Press

TESTING PROTOCOL (Day 2)

8-min Treadmill Warm-up

v
[Pre-Exercise: Blood Lactate, HRV (5 min), CM], S], RPE|

L
INCREMENTAL BACK SQUAT TEST

‘Warm-up: 12 reps @ 10% 1-RM — 6 reps @ 30% 1-RM
Set 1: 60% 1-RM to failure — 3 min rest
Set 2: 70% 1-RM to failure — 3 min rest
Set 3: 80% 1-RM to failure

During each set: SmO: (NIRS), Peak HR

v
[Post-Exercise: Blood Lactate, HRV (5 min), CM], S], RPE|

Fig. 1. Experimental Design and Study Timeline.

Note: PT indicates plyometric training; PT+CT, plyometric plus
core training; CON, control; 1-RM, 1-repetition maximum; HRV,
heart rate variability; SmO,, muscle oxygen saturation; CM]J,
countermovement jump; SJ, squat jump; RPE, rating of perceived
exertion.

ratio to the PT, PT+CT, or CON group using a computer-
generated random sequence (Research Randomizer, version
4.0) prepared by an investigator not involved in training or
testing. Allocation was concealed in sequentially numbered,
opaque, sealed envelopes. Outcome assessors were blinded
to group assignment; participants and trainers could not be
blinded to the intervention.

Interventions

All sessions were supervised by certified strength and
conditioning specialists and took place at the same indoor
facility between 15:00 and 17:00 hours to minimize circadian
confounding. Training was conducted 3 days per week
(Monday, Wednesday, Friday) for 10 weeks, yielding 30 total
sessions. The PT group performed a progressive plyometric
program that included squat jumps, countermovement
jumps, depth jumps (box heights 30-50 cm), single-leg hops,
lateral bounds, and tuck jumps. Volume increased from
80 ground contacts per session in weeks 1 to 3, to 100 in
weeks 4 to 6, and 120 in weeks 7 to 10. Rest intervals were
60 to 90 seconds between sets and 2 to 3 minutes between
exercises. The PT+CT group performed the identical

plyometric program followed immediately by a structured
core training block lasting approximately 20 minutes. Core
exercises included front plank, side plank, dead bug, bird
dog, pallof press, cable woodchop, hanging leg raise, and
stability ball rollout. Volume progressed from 2 sets of
30 seconds (isometric holds) or 10 repetitions (dynamic
exercises) in weeks 1 to 3, to 3 sets of 45 seconds or 15
repetitions by weeks 7 to 10. Resistance was added through
weighted vests or cable loads as competency was established.
The CON group maintained their regular sport-specific
training schedule, which comprised technical skill work and
tactical sessions but did not include structured plyometric,
core, or resistance training beyond normal practice. The
complete training program progression for both groups
is summarised in Table 1. All groups were instructed to
continue their habitual dietary intake and avoid initiating
any new supplementation during the study period. A 24-
hour dietary recall was completed before each testing session
to monitor compliance.

Table 1. Training Program Progression for PT and PT+CT
Groups
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Introductory ~ 1-3 80 contacts 2 30s/10reps 60-90 3
Development  4-6 100 contacts 2-3 35s/12reps 60-90 3
Intensification 7-10 120 contacts 3  45s/15reps 60-90 3

Note: PT group performed plyometric exercises only. PT+CT
group performed identical plyometric volume plus core training
block (~20 min). Core exercises: front plank, side plank, dead bug,
bird dog, pallof press, cable woodchop, hanging leg raise, stability
ball rollout. Plyometric exercises: squat jumps, countermovement
jumps, depth jumps (30-50 cm), single-leg hops, lateral bounds,
tuck jumps. Vol indicates ground contacts per session for
plyometric exercises. Core hold refers to isometric exercises; reps
refers to dynamic exercises. Rest interval is between plyometric sets.

Testing Procedures

Outcome assessments were performed at baseline
(week 0) and post-intervention (week 11). All testing was
conducted over 2 consecutive days at the same time of day, in
a temperature-controlled environment (24 +/- 1 degrees C).

Day 1 began with anthropometric assessment
(bioelectrical impedance; InBody 770, InBody Co., Seoul,
South Korea), followed by resting HRV recording and
maximal strength testing. Resting HRV was recorded with
participants in the supine position for 10 minutes in a quiet,
temperature-controlled room. Beat-to-beat R-R intervals
were captured using a validated Polar H10 chest strap (Polar
Electro, Finland) interfaced with the EliteHRV application
(version 4.0). Participants were instructed to breathe
spontaneously, avoid speaking, and remain motionless
throughout the recording. The first 5 minutes served as a
stabilisation period; HRV indices were computed from the
final 5 minutes. Following the HRV recording, participants
performed a standardised warm-up (5 minutes of light
cycling at 50 W followed by two sets of 10 repetitions of
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bodyweight squats) before the 1-RM back squat test. The
1-RM protocol followed American Society of Exercise
Physiologists guidelines. Participants began with a set
of 8 repetitions at 50% of their estimated 1-RM, then 3
repetitions at 70%, and 1 repetition at 90%, with 3-minute
rest intervals between warm-up sets. Thereafter, the load
was increased by 2.5 to 5.0 kg per attempt until a 1-RM was
established within five maximal attempts, each separated by
3 to 5 minutes. Bar velocity was monitored throughout with
an accelerometer-based sensor (Vmaxpro, Blaumann and
Meyer Sports Technology, Germany) to confirm maximal
effort. The highest load successfully lifted through full range
of motion with acceptable technique was recorded as the
1-RM. The same protocol was applied for 1-RM bench press
after a 15-minute rest.

Day 2 included jump performance testing followed by
the incremental back squat protocol. Before the incremental
test, countermovement jump (CMJ) height and squat jump
(S]) height were assessed on a calibrated force plate (Kistler
9260AA, Kistler Instrumente AG, Winterthur, Switzerland)
sampling at 1,000 Hz. For the CM], participants stood with
feet shoulder-width apart on the force plate and, on a verbal
signal, performed a rapid downward countermovement to
a self-selected depth before jumping vertically as high as
possible with hands maintained on the hips throughout.
Knee flexion and arm swings during the flight phase were
not permitted; trials where these occurred were repeated.
Three maximal-effort trials were conducted with a 60-second
inter-trial recovery period, and the best trial was selected
for analysis. For the SJ, participants descended to a static
squat position of approximately 90° knee flexion, held that
position for 3 seconds, and then jumped vertically with
maximal effort without any prior countermovement. Any
visible downward displacement before take-oft disqualified
the trial. Three trials were performed with 60-second inter-
trial recovery, and the highest jump was recorded. Jump
height was calculated from flight time using the impulse-
momentum method from force-plate data. Following jump
testing, pre-exercise HRV was recorded for 5 minutes in the
supine position using the same Polar H10 and EliteHRV
protocol described above. Muscle oxygen saturation (SmO,)
and total haemoglobin (tHb) were monitored continuously
via a Moxy near-infrared spectroscopy sensor (Fortiori
Design LLC, Hutchinson, MN) placed on the belly of the
vastus lateralis of the dominant leg, secured with an opaque
neoprene sleeve to exclude ambient light. The sensor was
repositioned at the same anatomical landmark at pre- and
post-intervention testing using skin-surface markings. After
an NIRS stabilisation period of 3 minutes at rest, participants
completed the standardised warm-up (12 repetitions at 10%
1-RM, 6 repetitions at 30% 1-RM) before performing 3 sets
to failure at 60%, 70%, and 80% of their current 1-RM back
squat, with 3-minute rest intervals between sets. SmO, data
were sampled at 0.5 Hz throughout each set; the mean value
of the final 30 seconds of each set was used for analysis. Peak
heart rate was recorded during each set using the Polar H10
chest strap. Post-exercise HRV was assessed in the supine
position for 5 minutes beginning 2 minutes after completion
of the final set. Blood lactate was sampled from the
hyperaemised earlobe (Lactate Pro 2, Arkray, Kyoto, Japan)
at rest before warm-up, immediately after the 80% 1-RM set,
and 3 minutes after completion of the protocol; a minimum

of 5 uL of capillary blood was collected onto the test strip
following standard preparation of the sampling site. Rating
of perceived exertion (RPE) was collected immediately after
the incremental protocol using the Borg CR10 scale (range
0-10); participants received standardised verbal anchoring
instructions before testing. Post-exercise CMJ and SJ were
assessed in the same manner as described above within
5 minutes of completing the incremental test.

HRV Analysis

HRV data were processed following current Task Force
guidelines. From each 5-minute recording, the following
indices were computed: mean RR interval (ms), RMSSD
(ms), SDNN (ms), low-frequency power (LF; 0.04-0.15
Hz), high-frequency power (HF; 0.15-0.40 Hz), and the LF/
HF ratio. Ectopic beats and artifacts were corrected using
automatic algorithms in the EliteHRV software, with manual
verification by a trained investigator.

Statistical Analysis

All data are presented as mean (SD) unless otherwise
indicated. Normality was assessed with the Shapiro-Wilk
test (Shapiro & Wilk, 1965). For primary outcomes, a 3
(group) x 2 (time: pre vs post) mixed-model analysis of
variance (ANOVA) was used (Field, 2013). When significant
interactions were found, post hoc pairwise comparisons
were conducted with Bonferroni correction (Armstrong,
2014). For within-session SmO, and peak HR data across
intensities, a 3 (group) x 3 (intensity) repeated-measures
ANOVA was applied at the post-intervention time point
(Girden, 1992). Delta change from pre- to post-intervention
was compared across groups using one-way ANOVA or the
Kruskal-Wallis test as appropriate (Kruskal & Wallis, 1952).
Effect sizes were computed as partial eta squared (small,
0.01; moderate, 0.06; large, 0.14) and Cohen d (trivial, 0.20
or less; small, 0.21-0.60; moderate, 0.61-1.20; large, 1.21-2.0)
(Cohen, 2013). All analyses were conducted in R (version
4.3.2) using the afex and rstatix packages (Kassambara,
2023). Significance was set at P < .05 (2-sided).

Analytical Framework and Decision Rule

The primary outcome of this trial was resting RMSSD,
selected because it is the most reproducible and practically
relevant vagal index for athlete monitoring (Addleman et al,
2024; Buchheit, 2014). Two confirmatory secondary outcomes
were designated a priori: SmO, at 80% of 1-RM (local oxidative
capacity) and CM]J height (functional power transfer). The
decision rule for evaluating the added value of core training
was as follows: the core training component would be
considered effective if and only if PT+CT showed a statistically
and practically meaningful advantage over PT alone on the
primary outcome, with at least one confirmatory secondary
outcome moving in the same direction. If the primary outcome
showed no between-group difference, or if secondary outcomes
contradicted the primary finding, the core component would
be classified as non-contributory for that domain. Remaining
variables (1-RM, bench press, peak power, lactate, RPE) were
treated as descriptive indicators to map the boundary conditions
under which the core training effect operates.
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Results

Participant Flow and Baseline Characteristics

Ofthe 45 enrolled participants, 42 completed the trial (14
inPT, 14in PT+CT, 14 in CON). Three participants withdrew
due to reasons unrelated to the intervention (1 ankle sprain
during recreational activity, 1 personal scheduling conflict,
1 lost to follow-up). Baseline characteristics were similar
across groups (Table 2). Session attendance was 93.2% in PT
and 91.8% in PT+CT, with no adverse events attributable to
the training programs.

Table 2. Baseline Characteristics of Study Participants

Characteristic PT PT+CT CON P
(n=15) (n=15) (n=15)
Age, mean (SD), y 21.4(1.7) 21.0(1.5) 21.3(1.8) 0.78
Sex, No. (%) male 10 (67) 10 (67) 10 (67) 1.0
BMI, mean (SD), kg/m? 22.6 (1.9) 22.1(1.7) 22.5(2.0) 0.71
Training experience,y ~ 3.8(1.2) 3.6(1.1) 3.9(1.3) 0.82
1-RM back squat, kg 92.4 (14.6) 90.8 (13.9) 91.1 (15.2) 0.94
CMJ height, cm 35.1(4.5) 34.6(4.8) 34.8(5.0) 0.96
SJ height, cm 312 (4.1) 30.8(43) 31.0(45) 097
Resting RMSSD, ms 41.8 (10.7) 42.3 (11.2) 43.1(11.5) 0.94
Resting SDNN, ms 53.4 (12.8) 54.1 (13.6) 54.8 (13.2) 0.95
Resting HF power, ms* 408 (102) 412(98)  415(95) 0.98

Abbreviations: BMI, body mass index; CM]J, countermovement
jump; CON, control; HE high frequency; PT, plyometric training;
PT+CT, plyometric plus core training; RMSSD, root mean square
of successive differences; SDNN, standard deviation of normal-to-
normal intervals; SJ, squat jump; 1-RM, 1-repetition maximum.

Both training groups demonstrated improvements in
1-RM back squat that were greater than CON (group x time
interaction: F, 35 = 18.72; P <.001; np*> = 0.49). The PT group
improved from a mean (SD) of 92.4 (14.6) kg to 104.2 (15.1)
kg (mean change, +12.8%; 95% CI, 9.4%-16.2%), and the
PT+CT group from 90.8 (13.9) kg to 103.6 (14.8) kg (mean
change, +14.1%; 95% CI, 10.9%-17.3%). The CON group
changed from 91.1 (15.2) kg t0 93.2 (15.0) kg (+2.3%; p =.31).
Pairwise comparisons showed no difference between PT and
PT+CT (p = .58).

w

3 Pre-Exercise
A EE Post-Exercise 40 1 *

CON PT

PT PT+CT

C D

PT PT+CT

PT+CT CON

Lactate (mmol/L)
RPE (a.u.)

CON PT PT+CT CON

Fig. 2. CM], SJ, Blood Lactate, and RPE Recorded Pre- and Post-
Exercise at the Post-Intervention Assessment. [Four-panel bar
chart. Panels: (A) CMJ height, (B) SJ height, (C) Blood lactate,
(D) RPE. Each panel shows pre-exercise (light bars) and post-

exercise (dark bars) values for PT, PT+CT, and CON. Significance
markers: * compared to pre-exercise; a compared to CON.]

CM]J height increased in both training groups relative
to CON (group x time interaction: F, s, = 14.36; p < .001;
np” = 0.42). The PT+CT group gained a mean of 8.2 cm (from
34.6 [4.8] cm to 42.8 [5.1] cm), compared with 5.9 cm in PT
(from 35.1 [4.5] cm to 41.0 [4.9] cm) and 1.1 cm in CON (from
34.8 [5.0] cm to 35.9 [4.9] cm). Post hoc analysis indicated that
PT+CT outperformed PT (p =.04; d =0.72) and CON (p <.001;
d =1.89), while PT exceeded CON (p <.001; d = 1.48). SJ height
followed a similar pattern, with the PT+CT group gaining 6.8
cm, PT gaining 4.4 cm, and CON gaining 0.8 cm (group x time
interaction: F, 5 = 11.09; P <.001). Pre- and post-intervention
values for all performance outcomes are presented in Table 3,
and the corresponding bar charts including blood lactate and
RPE are illustrated in Figure 2.

Heart Rate Variability

For resting RMSSD, a significant group x time interaction
was observed (F[2,39] = 9.47; P < .001; np> = 0.33). The

Table 3. ANOVA Results for Performance Outcomes Pre- and Post-Intervention (Mean+SD)

—— PT PT+CT CON ANOVA
Pre Post Pre Post Pre Post Group x Time
1-RM BS (kg) 92.4+14.6 104.2+15.1° 90.8+13.9 103.6+14.8" 91.1+152 93.2+15.0 F=18.72, P<.001, np*=0.49
CMJ (cm) 35.1+4.5 41.0+4.9° 34.6+4.8  42.8+5.1""  34.8+5.0 35.9+4.9 F=14.36, P<.001, np’=0.42
SJ (cm) 31.2+4.1 35.6+4.4" 30.8+4.3 37.614.6 31.0+4.5 31.8+4.4 F=11.09, P<.001, np*=0.30
1-RM BP (kg) 68.2+11.4  74.6+12.0° 67.5+11.1 75.1+12.2° 68.0+11.8 69.3+11.5 F=9.84, P<.001, np>=0.34
Peak Power (W) 876+£108  962+115°  869+102  981+118"  878+112 891+109 F=7.21, P=.002, np*=0.27
Peak Velocity (m/s) 0.54+0.08  0.62+0.09° 0.53+0.07 0.64+0.08° 0.55+0.09  0.56+0.08 F=8.47, P=.001, np°=0.30

Abbreviations: 1-RM BS, 1-repetition maximum back squat; 1-RM BP, 1-repetition maximum bench press; CM]J, countermovement
jump; CON, control; PT, plyometric training; PT+CT, plyometric plus core training; SJ, squat jump. * P < .05 compared to Pre within

group; * P < .05 compared to CON;® P < .05 compared to PT
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Table 4. Resting Heart Rate Variability Indices Pre- and Post-Intervention (Mean+SD)

T PT PT+CT CON ANOVA

Pre Post Pre Post Pre Post Group x Time
MeanRR (ms) 812+74 846+78" 808+71 872482 815+76 821+75 F=5.23, P=.009
RMSSD (ms) 41.8+10.7 49.7£11.4° 4234112 58.6£12.8™  43.1+11.5 44.7+11.8 F=9.47, P<.001
SDNN (ms) 53.4+12.8 61.2+13.1 54.1+13.6  68.9+14.2*  54.8+13.2 56.2+13.4 F=7.83, P=.001
LF (ms?) 524+118 486+112 518+122 462+108" 530+115 522+119 F=3.14, P=.054
HF (ms?) 408+102 496+108" 412498 587+112" 415495 428+101 F=8.21, P=.001
LEF/HF 1.31+0.28 1.02+0.24° 1.28+0.30 0.82+0.22" 1.30+0.26 1.25+0.27 F=4.18, P=.02

Abbreviations: CON, control; HE, high frequency; LE, low frequency; PT, plyometric training; PT+CT, plyometric plus core training;
RMSSD, root mean square of successive differences; SDNN, standard deviation of normal-to-normal intervals. " p < .05 compared to Pre

within group; * p < .05 compared to CON;® p < .05 compared to PT. np” values: RMSSD = 0.33; SDNN = 0.29; HF = 0.30; LF/HF = 0.18.

PT+CT group showed the largest increase (pre: 42.3 [11.2]
ms; post: 58.6 [12.8] ms; change, +16.3 ms; d = 1.35), followed
by PT (pre: 41.8 [10.7] ms; post: 49.7 [11.4] ms; change,
+7.9 ms; d = 0.71), and CON (pre: 43.1 [11.5] ms; post: 44.7
[11.8] ms; change, +1.6 ms; d = 0.14). Post hoc comparisons
confirmed that PT+CT exceeded both PT (mean difference,
8.4 ms; 95% CI, 2.3-14.5 ms; P = .008) and CON (mean
difference, 14.7 ms; 95% CI, 8.6-20.8 ms; P < .001). The PT
group also exceeded CON (mean difference, 6.3 ms; 95% CI,
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Mean RR (ms)
s 2 9w
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SDNN (ms)
PO,
3 2

200 4
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0.2-12.4 ms; P = .04). e i . :
Resting SDNN increased in PT+CT (pre: 54.1 [13.6] w00 Lo . 150

ms; post: 68.9 [14.2] ms; change, +14.8 ms; d =1.06) and PT  guwoilll 7 il : ;:Z . o~

(pre: 53.4 [12.8] ms; post: 61.2 [13.1] ms; change, +7.8 ms; & E 0 o

d = 0.60), with minimal change in CON (+1.4 ms; d = 0.10).
The group x time interaction was significant (F, s = 7.83;
p =.001;np*> = 0.29). Post hoc testing showed PT+CT greater
than CON (p <.001) and greater than PT (p =.02), while the
PT versus CON comparison reached significance (p = .04).

Resting HF power increased in PT+CT (pre: 412 [98]
ms-squared; post: 587 [112] ms-squared; d = 1.66) and PT
(pre: 408 [102] ms-squared; post: 496 [108] ms-squared;
d = 0.84), with CON showing negligible change (pre: 415
[95] ms-squared; post: 428 [101] ms-squared; d = 0.13). The
interaction was significant (F( 3, = 8.21; p = .001). The LF/
HF ratio did not differ significantly among groups at either
time point (p =.14).

200 4 200 050

100 100 0.25

0 0 0.00

PT PT+CT CON PT PT+CT CON PT PT+CT CON

Fig. 3. Heart Rate Variability Indices Recorded Pre- and Post-
Exercise at the Post-Intervention Assessment.
[Six-panel bar chart (grouped bars with error bars). Panels: (A)
MeanRR, (B) RMSSD, (C) SDNN, (D) LE, (E) HE, (F) LE/HF ratio.
Each panel shows pre-exercise (light bars) and post-exercise (dark
bars) values for PT, PT+CT, and CON. Significance markers: *
compared to pre-exercise; a compared to CON.]

Post-exercise HRV data revealed that all groups
experienced reductions in RMSSD, SDNN, and HF

w

1000

200

o

power following the incremental test at both time points
(all p < .001). At the post-intervention assessment, the
magnitude of post-exercise decline in RMSSD was smaller
in PT+CT (delta, -31.4%) compared with PT (delta, -38.7%)
and CON (delta, -46.2%), and the one-way ANOVA on these
delta values was significant (F (35 = 4.92; p = .01; np® = 0.20).
Resting HRV indices at both time points are presented in
Table 4, and pre- versus post-exercise HRV values at the
post-intervention assessment are illustrated in Figure 3.
Percent changes in all HRV indices, performance variables,
and metabolic markers are depicted in Figure 4.

Muscle Oxygen Saturation

At the post-intervention incremental test, SmO, during
back squat was analyzed using a 3 (group) x 3 (intensity)
mixed ANOVA. A significant main effect of group was

600

00

Delta change (%)
. | |
Delta change (%)

|
Delta change (%)

RMSSD SDNN P HE LEMF oMy S| lactate  RPE

Fig. 4. Delta Pre-Post (%) Change in HRV Indices, CMJ, SJ,
Blood Lactate, and RPE From Pre- to Post-Exercise at the Post-
Intervention Assessment. [Three-panel grouped bar chart showing
percent change (delta) values. Panel 1: HRV time-domain indices
(MeanRR, RMSSD, SDNN). Panel 2: HRV frequency-domain
indices (LE, HE, LF/HF). Panel 3: Performance and metabolic
variables (CM]J, SJ, Lactate, RPE). Each variable shows 3 bars (PT,
PT+CT, CON) with error bars. Significance markers: a compared
to CON; b compared to PT.]
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Table 5. SmO,, Total Hemoglobin, and Peak Heart Rate During Post-Intervention Incremental Back Squat at 60% and 80%

of 1-RM (Mean#+SD)

PT PT+CT CON
SmO2 (%) 60% 80% 60% 80% 60% 80% Group Effect
80.1+2.2 76.942.6 82.4+1.9° 79.8+2.4% 78.5+2.4 75.2+2.8 F=12.84, p<.001
tHb (g/dL) 60% 80% 60% 80% 60% 80%
12514022 12.58+0.24 12484020  12.55+021  12.53+0.23  12.61+0.26 F=0.74, p=.48
Peak HR (bpm) 60% 80% 60% 80% 60% 80%
1382458  168.4+42° 1356461  164.8+4.8™  140.1+54  171.0+3.9" F=4.87, p=.01

Abbreviations: CON, control; PT, plyometric training; PT+CT, plyometric plus core training; SmO,, muscle oxygen saturation; tHb, total
hemoglobin. " p < .05 compared to 60%; ° p < .05 compared to 70%; * p < .05 compared to CON;* p < .05 compared to PT. Group Effect
column reports main effect of supplementation condition from 3 (group) x 3 (intensity) mixed ANOVA.

found (F, 3 = 12.84; P <.001; np* = 0.40), along with a main
effect of intensity (F, s = 8.91; p <.001; np® = 0.19), but the
interaction did not reach significance (F, ;s = 1.87; p = .12).

At 60% of 1-RM, SmO, values were 82.4% (1.9%) in
PT+CT, 80.1% (2.2%) in PT, and 78.5% (2.4%) in CON. At
70%, values were 81.2% (2.1%) in PT+CT, 79.0% (2.3%) in
PT, and 77.3% (2.5%) in CON. At 80%, values were 79.8%
(2.4%) in PT+CT, 76.9% (2.6%) in PT, and 75.2% (2.8%)
in CON. Pairwise comparisons showed PT+CT had higher
SmO, than CON at all intensities (p <.01 for each) and higher
than PT at 80% of 1-RM (mean difference, 2.9%; 95% CI,
0.7%-5.1%; p = .01). Total hemoglobin showed no significant
differences among groups at any intensity (p > .10 for all
comparisons). SmO,, total hemoglobin, and peak heart rate
values at both intensities are presented in Table 5.

Peak heart rate during the incremental test was lower in
PT+CT than in CON at 70% of 1-RM (mean difference, 4.8
bpm; p =.02) and 80% of 1-RM (mean difference, 6.2 bpm;
p =.006). The PT group showed lower peak HR than CON at
80% only (mean difference, 4.1 bpm; p =.03). No differences
between PT and PT+CT reached significance for peak HR.

Blood Lactate and RPE

Blood lactate concentrations increased from pre- to post-
exercise in all groups at both time points (p < .001), with
no significant between-group differences in the magnitude
of lactate accumulation at either assessment (group x time
interaction: p =.22). RPE similarly increased post-exercise in all
groups at both assessments, with no between-group differences
(p =.38). Pre-to-post intervention change scores for lactate and
RPE did not differ among groups (p > .20 for all).

Discussion

Mechanism of the Combined Training Advantage

This trial compared plyometric training alone with
combined plyometric-core training and sport-specific
training on autonomic regulation, muscle oxygenation, and
performance in collegiate athletes. Applying the a priori
decision rule, the primary outcome (resting RMSSD) showed
a clear advantage for PT+CT over PT (mean difference,
8.4 ms; p = .008; d = 1.35 vs. 0.71), and both confirmatory
secondary outcomes confirmed this direction: SmO, at 80%

1-RM was 2.9 percentage points higher in PT+CT than
PT (p = .01), and CM]J height gained an additional 2.3 cm
(p=.04;d=0.72). Because all three indicators converged, the
core training component meets the pre-specified criterion
for effectiveness in the autonomic-oxygenation domain.

The autonomic mechanism most consistent with these
data involves improved baroreflex sensitivity. Chronic exercise
training increases arterial baroreflex gain, which speeds vagal
re-engagement after sympathetic perturbation (Nobrega et al.,
2014). The core exercises in our protocol required sustained
isometric contractions with controlled breathing patterns,
and this combination may have functioned as a form of low-
grade respiratory training that further sensitized baroreflex
pathways (Shaffer & Ginsberg, 2017). The 16.3-ms RMSSD
increase in PT+CT exceeds the 7.9-ms gain in PT alone,
and this magnitude aligns with the upper range reported in
a 2025 meta-analysis of long-term exercise effects on HRV
(W. Zhang et al., 2025). The smaller post-exercise RMSSD
decline in PT+CT (31.4% vs. 38.7% in PT and 46.2% in CON)
further indicates that the combined intervention built greater
autonomic resilience under high-intensity loading.

The SmO, advantage in the PT+CT group, present at all
three loading intensities but widest at 80% 1-RM, points to
improved local oxidative capacity rather than increased blood
volume, because total hemoglobin did not differ between
groups. Training-induced gains in capillary-to-fiber ratio,
mitochondrial density, and endothelial nitric oxide production
collectively increase the tissue oxygen reserve, delaying the
pointatwhich oxygen supply fails to match demand (Jonesetal.,
2018). Core exercises that load trunk stabilizers isometrically
while the athlete breathes against postural resistance may have
improved respiratory mechanics and trunk muscle perfusion
efficiency, sustaining cardiac output during heavy lower-limb
loading. Salem et al. (2025) observed a comparable SmO,
preservation without total hemoglobin change following acute
beetroot juice ingestion, attributing the effect to optimized
perfusion of underutilized capillary beds; our data suggest that
chronic combined training produces an analogous adaptation
through vascular remodeling rather than pharmacological
vasodilation.

Boundary of Effect Analysis

The data reveal a clear boundary separating outcomes
where core training adds value from those where it does
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not. The PT+CT advantage was strongest for autonomic
regulation: resting RMSSD (d = 1.35), SDNN (d = 1.06), and
HF power (d = 1.66) all showed large effects favoring the
combined group over PT alone. The oxygenation advantage
was moderate and intensity-dependent: the SmO, difference
between PT+CT and PT was 2.3 percentage points at 60%
1-RM (non-significant), 2.2 points at 70% (non-significant),
and 2.9 points at 80% (p = .01). This pattern suggests that
the core training benefit for muscle oxygenation emerges
primarily under high metabolic stress, where trunk stability
and respiratory mechanics are most challenged.

By contrast, the core training component produced
no additional effect on maximal strength. The 1-RM back
squat improved by 12.8% in PT and 14.1% in PT+CT,
with no between-group difference (p = .58). Bench press,
peak power, and peak velocity followed the same pattern.
These gains fall within the range reported for plyometric-
resistance protocols of comparable duration (Sun et al.,
2025). This plateau indicates that maximal force production
in compound lifts is driven by neuromuscular adaptations
to the plyometric stimulus itself, and core training does not
augment this pathway within the tested intensity range.
Blood lactate and RPE also showed no group differences at
either time point, confirming that the metabolic cost of the
incremental protocol was equivalent across conditions.

Functional Role of the Core Training Component

Synthesizing the boundary analysis, the core training
component functioned as follows within this 10-week protocol.
It enhanced outcomes in three areas: parasympathetic recovery
atrest (RMSSD, SDNN, HF power), muscle oxygenation at high
intensity (SmO, at 80% 1-RM), and functional power transfer
(CMJ height, where trunk stiffness likely improved kinetic
chain coordination as documented by Cabrejas et al., 2023, and
consistent with the kinetic-link model described by Kibler et al.,
2006). It did not affect maximal strength (1-RM BS, 1-RM BP,
peak power), blood lactate accumulation, or perceived exertion.
The data provide no evidence that core training inhibited or
reduced any measured outcome. However, the absence of
loading intensities above 80% 1-RM in our protocol means
that the upper boundary of the core training effect remains
undefined. At near-maximal or supramaximal loads, the
additional training volume from core exercises could introduce
competing fatigue that offsets any cardiovascular benefit.

Lower peak heart rate in PT+CT at 70% and 80% 1-RM
(mean differences of 4.8 and 6.2 bpm compared with CON)
suggests improved stroke volume or peripheral vascular
conductance, allowing equivalent cardiac output at a lower
rate (Michael et al., 2017). PT alone produced a smaller but
directionally consistent trend, consistent with the known
cardiovascular demands of repeated maximal-effort jumping
(Staniszewski et al., 2024). The convergence of lower peak
HR, higher SmO,, and better-preserved post-exercise
RMSSD in the PT+CT group supports the interpretation
that the core component enhanced cardiovascular efficiency
rather than simply adding training volume.

Applied Training Model and Practical Implications

Based on the convergent evidence from the decision
rule analysis, we propose the following applied model for

practitioners working with collegiate team-sport athletes.
When the training goal is to improve cardiovascular
efficiency and autonomic recovery alongside strength and
power development, appending 20 minutes of progressive
core exercises (isometric holds progressing from 2 sets of 30
seconds to 3 sets of 45 seconds; dynamic exercises from 2 x
10 to 3 x 15 repetitions) to each plyometric session, three
times per week for at least 10 weeks, can be expected to
produce meaningful gains in parasympathetic tone and
local muscle oxygenation without compromising maximal
strength adaptation. This model applies to loads up to 80%
1-RM in trained athletes aged 19 to 24 years with at least
2 years of resistance training experience. The model does
not extend to outcomes governed primarily by glycolytic
metabolism (lactate, RPE), which appear insensitive to the
core training stimulus at the tested volume and duration.

Limitations

Several constraints should be noted. First, the sample
(n = 42 completers) was drawn from a single university,
limiting generalizability. Second, we did not measure plasma
biomarkers of vascular function (nitrite/nitrate) or perform
echocardiographic assessment, which would have strengthened
mechanistic interpretations. Third, the control group did not
perform a time-matched sham intervention, so a Hawthorne
effect cannot be excluded. Fourth, NIRS measurements were
limited to a single site on the vastus lateralis. Fifth, loading
intensities above 80% 1-RM were not tested, leaving the upper
boundary of the core training effect unknown. Sixth, the 10-
week duration may not capture the full trajectory of autonomic
and vascular remodeling. Finally, blinding of trainers and
participants was not feasible, although outcome assessors were
blinded. Future studies should incorporate longer interventions
(16 to 20 weeks), direct vascular assessments (flow-mediated
dilation, pulse wave velocity), multi-site NIRS recordings, and
loading protocols extending to 90% or 95% 1-RM to map the
complete dose-response relationship.

Conclusions

In collegiate team-sport athletes (19-24 years), 10 weeks
of training (3 sessions/week, up to 80% 1-RM) demonstrated
that combined plyometric and core training elicited greater
improvements in cardiac autonomic regulation and local
muscle oxygenation than plyometric training alone. The
combined approach increased resting RMSSD (+16.3 ms vs
+7.9 ms), enhanced SmO, during submaximal loading, and
produced modest additional gains in CM]J height (+2.3 cm).
These adaptations may be explained by improved baroreflex
functionandenhancedlocaloxidativecapacityassociatedwith
sustained isometric contractions and controlled breathing
during core exercises. In contrast, maximal strength, blood
lactate, and perceived exertion were unaffected, indicating
domain-specific adaptations. Practically, integrating ~20
minutes of progressive core training into plyometric sessions
may enhance parasympathetic recovery and cardiovascular
efficiency in trained athletes, although effects at near-
maximal intensities require further investigation.

Acknowledgments

The authors express their sincere gratitude to all
the participants for their commitment and enthusiastic

567



ISSN 1993-7989. elSSN 1993-7997. ISSN-L 1993-7989. Physical Education Theory and Methodology. Vol. 26, Num. 3

involvement throughout the study. The authors also thank the
faculty and technical staff of the Saveetha School of Physical
Education, Saveetha Institute of Medical and Technical
Sciences (SIMATS University), for their valuable support
in facilitating data collection and laboratory assessments.
Special appreciation is extended to colleagues and research
assistants who contributed to the successful implementation
of the training interventions and monitoring procedures.

Funding

No external funding was received.

Al Transparency

In the preparation of this manuscript, we utilized
paperpal Al as an assistive tool for editing, paraphrasing
and improving the language. All AI-generated contents were
thoroughly reviewed, verified, and edited by the authors.

Conflict of Interest

The authors declare no conflicts of interest

Data Availability Statement

The datasets generated and/or analyzed during the
current study are not publicly available due to ethical and
privacy restrictions, as they contain identifiable physiological
data from student-athletes. Data access is restricted by the
SIMATS University Ethics Committee. De-identified data
may be made available from the corresponding author upon
reasonable request, subject to institutional ethical approval
and completion of a data-sharing agreement in accordance
with applicable data protection regulations.

References

Zhang, F, Liu, Y,, Liu, J., Yeremenko, O., & Shi, L. (2026).
The effects of plyometric training on physical fitness in
adolescent team sports: A systematic review and meta-
analysis. Frontiers in Physiology, 17, 1760239.
https://doi.org/10.3389/fphys.2026.1760239

Markovic, G., & Mikulic, P. (2010). Neuro-musculoskeletal
and performance adaptations to lower-extremity
plyometric training. Sports Medicine (Auckland, N.Z.),
40(10), 859-895.
https://doi.org/10.2165/11318370-000000000-00000

Moran, J., Vali, N,, Sand, A., Beato, M., Hammami, R,
Ramirez-Campillo, R., Chaabene, H., & Sandercock,
G. (2024). Effect of vertical, horizontal, and combined
plyometric training on jump, sprint and change of
direction performance in male soccer players. PLOS
ONE, 19(5), €0295786.
https://doi.org/10.1371/journal.pone.0295786

Ramirez-Campillo, R., Alvarez, C., Garcia-Hermoso, A.,
Ramirez-Vélez, R., Gentil, P, Asadi, A., Chaabene, H.,
Moran, J., Meylan, C., Garcia-de-Alcaraz, A., Sanchez-
Sanchez, J., Nakamura, E Y., Granacher, U., Kraemer, W.,
& Izquierdo, M. (2018). Methodological Characteristics
and Future Directions for Plyometric Jump Training
Research: A Scoping Review. Sports Medicine, 48(5),
1059-1081. https://doi.org/10.1007/540279-018-0870-2

Sun, J., Sun, J., Shaharudin, S., & Zhang, Q. (2025). Effects
of plyometrics training on lower limb strength, power,
agility, and body composition in athletically trained
adults: Systematic review and meta-analysis. Scientific
Reports, 15(1), 34146.
https://doi.org/10.1038/s41598-025-10652-4

Cormie, P., McGuigan, M. R., & Newton, R. U. (2011).
Developing Maximal Neuromuscular Power: Part 2 —
Training Considerations for Improving Maximal Power
Production. Sports Medicine, 41(2), 125-146.
https://doi.org/10.2165/11538500-000000000-00000

Suchomel, T. J., Nimphius, S., & Stone, M. H. (2016). The
Importance of Muscular Strength in Athletic Performance.
Sports Medicine, 46(10), 1419-14409.
https://doi.org/10.1007/s40279-016-0486-0

Kibler, W. B., Press, J., & Sciascia, A. (2006). The role of core
stability in athletic function. Sports Medicine (Auckland,
N.Z.), 36(3), 189-198.
https://doi.org/10.2165/00007256-200636030-00001

Hibbs, A. E., Thompson, K. G., French, D., Wrigley, A., & Spears,
L. (2008). Optimizing Performance by Improving Core
Stability and Core Strength. Sports Medicine, 38(12), 995-
1008. https://doi.org/10.2165/00007256-200838120-00004

Reed, C. A,, Ford, K. R., Myer, G. D., & Hewett, T. E. (2012).
The Effects of Isolated and Integrated ‘Core Stability’
Training on Athletic Performance Measures: A Systematic
Review. Sports Medicine, 42(8), 697-706.
https://doi.org/10.1007/BF03262289

Yu, T., Xu, Y., Zhang, Z., Sun, Y., Zhong, J., & Ding, C.
(2025). The impact of core training on overall athletic
performance in different sports: A comprehensive meta-
analysis. BMC Sports Science, Medicine & Rehabilitation,
17(1), 112. https://doi.org/10.1186/s13102-025-01159-6

Cabrejas, C., Solana-Tramunt, M., Morales, J., Nieto, A.,
Bofill, A., Carballeira, E., & Pierantozzi, E. (2023). The
Effects of an Eight-Week Integrated Functional Core
and Plyometric Training Program on Young Rhythmic
Gymnasts’ Explosive Strength. International Journal of
Environmental Research and Public Health, 20(2), 1041.
https://doi.org/10.3390/ijerph20021041

Prieske, O., Muehlbauer, T., & Granacher, U. (2016). The Role
of Trunk Muscle Strength for Physical Fitness and Athletic
Performance in Trained Individuals: A Systematic Review
and Meta-Analysis. Sports Medicine, 46(3), 401-419.
https://doi.org/10.1007/540279-015-0426-4

Benjamim, C. J. R., Monteiro, L. R. L., Pontes, Y. M. D. M, Silva,
A.A.M.D,, Souza, T. K. M. D,, Valenti, V. E., Garner, D.
M., & Cavalcante, T. C. E. (2021). Caffeine slows heart rate
autonomic recovery following strength exercise in healthy
subjects. Revista Portuguesa de Cardiologia, 40(6), 399-406.
https://doi.org/10.1016/j.repc.2020.07.015

Leng, B., Huang, H., & Zhang, C. (2024). Effects of coffee intake
on skeletal muscle microvascular reactivity at rest and oxygen
extraction during exercise: A randomized cross-over trial.
Journal of the International Society of Sports Nutrition, 21(1),
2409673. https://doi.org/10.1080/15502783.2024.2409673

Ruiz-Moreno, C., Gutiérrez-Hellin, J., Lara, B., & Del Coso,
J. (2022). Effect of caffeine on muscle oxygen saturation
during short-term all-out exercise: A double-blind
randomized crossover study. European Journal of
Nutrition, 61(6), 3109-3117.
https://doi.org/10.1007/s00394-022-02875-2

568



Chandrasekaran, D., Narsing Raj, S. R., Kannan Baba, V. S. R., Nagaraj, K. K., Palanisamy, U., Boby, F. A., Astuti, Y., & Tejaswi, J. (2026).
The Effect of Plyometric Training Versus Combined Plyometric and Core Training on Autonomic Regulation and Muscle Oxygenation
During Incremental Resistance Exercise in Collegiate Athletes

Addleman, J. S., Lackey, N. S., DeBlauw, J. A., & Hajduczok,
A. G. (2024). Heart Rate Variability Applications in
Strength and Conditioning: A Narrative Review. Journal
of Functional Morphology and Kinesiology, 9(2), 93.
https://doi.org/10.3390/jfmk9020093

Buchheit, M. (2014). Monitoring training status with HR
measures: Do all roads lead to Rome? Frontiers in
Physiology, 5. https://doi.org/10.3389/fphys.2014.00073

Zhang, W, B, S., & Luo, L. (2025). The impact of long-term exercise
intervention on heart rate variability indices: A systematic
meta-analysis. Frontiers in Cardiovascular Medicine, 12,
1364905. https://doi.org/10.3389/fcvm.2025.1364905

Yang, E, Ma, Y, Liang, S., Shi, Y., & Wang, C. (2024). Effect of
Exercise Modality on Heart Rate Variability in Adults: A
Systematic Review and Network Meta-Analysis. Reviews
in Cardiovascular Medicine, 25(1), 9.
https://doi.org/10.31083/j.rcm2501009

Boushel, R., & Piantadosi, C. A. (2000). Near-infrared
spectroscopy for monitoring muscle oxygenation. Acta
Physiologica Scandinavica, 168(4), 615-622.
https://doi.org/10.1046/j.1365-201x.2000.00713.x

Tuesta, M., Yafiez-Sepuilveda, R., Verdugo-Marchese, H., Mateluna,
C., & Alvear-Ordenes, 1. (2022). Near-Infrared Spectroscopy
Used to Assess Physiological Muscle Adaptations in Exercise
Clinical Trials: A Systematic Review. Biology, 11(7), 1073.
https://doi.org/10.3390/biology11071073

Perrey, S., Quaresima, V., & Ferrari, M. (2024). Muscle Oximetry
in Sports Science: An Updated Systematic Review. Sports
Medicine, 54(4), 975-996.
https://doi.org/10.1007/s40279-023-01987-x

Baker, J. S., McCormick, M. C., & Robergs, R. A. (2010).
Interaction among Skeletal Muscle Metabolic Energy
Systems during Intense Exercise. Journal of Nutrition and
Metabolism, 2010, 1-13. https://doi.org/10.1155/2010/905612

Pelka, E. Z., Davis, B. R., & McDaniel, J. (2024). Sourcebook
update: Using near-infrared spectroscopy to assess
skeletal muscle oxygen uptake. Advances in Physiology
Education, 48(3), 566-572.
https://doi.org/10.1152/advan.00047.2024

World Medical Association Declaration of Helsinki: Ethical
Principles for Medical Research Involving Human
Subjects. (2013). JAMA, 310(20), 2191.
https://doi.org/10.1001/jama.2013.281053

Shapiro, S. S., & Wilk, M. B. (1965). An analysis of variance
test for normality (complete samples). Biometrika, 52(3-
4), 591-611. https://doi.org/10.1093/biomet/52.3-4.591

Field, A. (2013). Discovering statistics using IBM SPSS statistics:
And sex and drugs and rock “n” roll (4th edition). Sage.

Armstrong, R. A. (2014). When to use the Bonferroni
correction. Ophthalmic and Physiological Optics, 34(5),
502-508. https://doi.org/10.1111/0p0.12131

Girden, E. R. (1992). ANOVA: Repeated measures. Sage
Publications.

Kruskal, W. H., & Wallis, W. A. (1952). Use of Ranks in One-
Criterion Variance Analysis. Journal of the American
Statistical Association, 47(260), 583-621.
https://doi.org/lO. 1080/01621459.1952.10483441

Cohen, J. (2013). Statistical Power Analysis for the Behavioral
Sciences (2nd ed.). Routledge.
https://doi.org/10.4324/9780203771587

Kassambara, A. (2023). Rstatix: Pipe-Friendly Framework for
Basic Statistical Tests. R package version 0.7.2. [Computer
software]. https://rpkgs.datanovia.com/rstatix/

Nobrega, A. C. L., O’'Leary, D, Silva, B. M., Marongiu, E.,
Piepoli, M. E, & Crisafulli, A. (2014). Neural Regulation
of Cardiovascular Response to Exercise: Role of Central
Command and Peripheral Afferents. BioMed Research
International, 2014, 1-20.
https://doi.org/10.1155/2014/478965

Shaffer, E, & Ginsberg, J. P. (2017). An Overview of Heart Rate
Variability Metrics and Norms. Frontiers in Public Health,
5, 258. https://doi.org/10.3389/fpubh.2017.00258

Salem, A., Ammar, A., Kerkeni, M., Boujelbane, M., Uyar,
A. M., Kébel, L. M., Selvaraj, S., Zare, R., Heinrich,
K. M., Jahrami, H., Tounsi, S., Grosso, G., Zmijewski,
P, Schollhorn, W, Trabelsi, K., & Chtourou, H.
(2025). Acute effects of beetroot juice vs. Creatine
supplementation on maximal strength, autonomic
regulation, and muscle oxygenation during incremental
resistance exercise. Biology of Sport, 42(4), 241-259.
https://doi.org/10.5114/biolsport.2025.151658

Jones, A. M., Thompson, C., Wylie, L. J., & Vanhatalo, A.
(2018). Dietary Nitrate and Physical Performance. Annual
Review of Nutrition, 38(1), 303-328.
https://doi.org/10.1146/annurev-nutr-082117-051622

Michael, S., Graham, K. S., & Davis, G. M. (2017). Cardiac
Autonomic Responses during Exercise and Post-exercise
Recovery Using Heart Rate Variability and Systolic Time
Intervals—A Review. Frontiers in Physiology, 8, 301.
https://doi.org/10.3389/fphys.2017.00301

Staniszewski, M., Tkaczyk, J., Keska, A., Zybko, P., & Mroz, A.
(2024). Effect of rest duration between sets on fatigue and
recovery after short intense plyometric exercise. Scientific
Reports, 14(1), 15080.
https://doi.org/10.1038/s41598-024-66146-2

569



ISSN 1993-7989. elSSN 1993-7997. ISSN-L 1993-7989. Physical Education Theory and Methodology. Vol. 26, Num. 3

BnnvB niliomeTpnYHOro TpeHyBaHHA Ta NOro Nno€AHaHHA

3 TPeHyBaHHAM M’A3iB KOPY Ha BeretaTUBHY perynsuiio Ta
OKCMUreHauito m'a3iB nig yac BUKOHaHHA CWI0BUX BNpas i3
iIHKpeMeHTasIbHUM HaBaHTa)KeHHAM Y CTYeHTIB-CNOPTCMEHIB
xanacexapan Yangpacekapan'5“PE, Cynmap Pamx Hapcinr Pagxk'A°PF,

Bepan Illatim Pamx Kannan ba6a'A®?, Kipan Kymap Harapamx®“PE, Yma ITamanicami'®cP,
dapmxana Akrep bo6i*PE, I0Hi ActyTi*A°PE, [Ixkocroma Temkaci*A <Pk

THcTUTYT MeguuHUX i TexHiyHMX Hayk Casita (CIMATC)

*YuiBepcuret IToHpiveppi

*MixuHapopnHuii yHiBepcutet Japdonin

*Ilep>xaBHuii yHiBepcutet [Tajanra

*Mixnapopnuuit yHiBepcutet CiMm6iosic (yHiBepcuTeT 3i clieliia/IbHUM CTaTyCOM)

ABTOpPCHKMIT BKTAJ;: A — Am3aits gocnipkenHs; B — 36ip ganux; C - crarananis; D — migroroska pykomucy; E — 36ip komtis

Pedepar. Crartst: 12 c., 5 Tabn., 4 puc., 39 mxeper.

Mera gocnimKkenss1. Le focmifykeHHst MaIo Ha MeTi MOPiBHATY BIUIMB IuTioMeTprdHoro Tpenysanss (I1T) ta itoro moepHaH-
HA 3 TpeHyBaHHAM M A13iB Kopy (ITT+KT) Ha peryAiiiio BereTaTBHOI HEPBOBOI CHCTEMH Ta JIOKA/IbHY OKCUT€HAL[il0 M A3iB IiJ 9ac
BUKOHAHHS CUIOBUX BIIPaB y CTYAEHTIB-CIIOpTCMeHiB. 30kpeMa, 0y/I0 BuBYeHO 3MiHNU BapiabenbHOCTI cepeBoro purmy (BCP),
carypauil kucHio B M’s13ax (SmO;) Ta MOKa3HNUKIB pe3y/IbTaTUBHOCTI mic/A 10-TY>KHeBOI IHTepBeHIIil.

Marepiamu i meTopu. IIpoBeieHO TpUTpyIOBe paH/IOMi30BaHe KOHTPO/IbOBAHE JOCII/I)KEHH B IapajiellbHUX TPpyNax i3
3aC/IIVIEHHAM OIIIHIOBAYa, Y AKOMY B3sUIM y4acTb 45 CTyHeHTiB-criopTcMeHiB (Bik: 19-24 pokn), sKi 3aiiMal0ThCs BOIENO0IOM,
(byT60)10M Ta 6acKeTOOIOM. YYaCHVKIB PO3IIOAIINIIN 32 METOLOM PAaHOMi3aLiil 1O rpymu IIT (n = 15), rpymu ITT+KT (n = 15) abo
koHTponbHOI rpymu (KOH; n = 15). Ipymna IIT BukoHyBasa nporpecBHi IrioMeTpuyHi Brpasy, Tofi Ak rpymna IIT+KT Bukony-
BaJIa ifleHTMYHe IUTIOMETPUYHE TPEHYBaHH;I, JOIOBHEHe CTPYKTYPOBAHMI BIIPABAMI /51 M SI3iB KOPY, i3 4aCTOTOIO TPY 3aHATTS
Ha TIDKZAeHb npotaroM 10 TwkHis. Ipyna KOH nponosxysaina nuie crenndidne i KOHKPETHOTO BUY CIIOPTY TPEHYBaHH:.
ITepBuHHI MoKa3HUKY BKModany iHgekcu BCP y crani crokoro Ta micna ¢isuynoro HaBaHTaxeHHA (RMSSD, SDNN, moTyx-
HICTD y fiiarra3oHi BUCOKMX 4acToT, cuiBBifHomenHs LF/HF), a Takoxx SmO,, BUMipsHY 3a ;0IIOMOro10 6/1/>KHbOI iH(ppauepBoHOI
CIEKTPOCKOIIil MiJ] 9ac IpKCilaHb 3i IITAHIOI0 Ha IIJIeYax i3 iHKpeMeHTabHMM HaBaHTa)XeHHAM Ha piBHiI 60%, 70% Ta 80% Bif
1-IIM. BropuHHi NOKasHUKY BK/TIOYa/IM MAaKCUMAJIbHY CUITY, Pe3y/IbTaTUBHICTb CTPUOKIB, piBeHb 1aKTaTy B KPOBi Ta Cy0 €KTIBHE
CHpUITHATE HABAHTAXKEHHA.

Pesynbrarn. Copok /iBa y4acHVMKM MOBHicTI0 3aBepum gocnimkenHA. Y rpynax IIT rta IIT+KT crocrepirasocsa 3HauHire
HOKpallleHH: MoKasHMKiB 1-ITM y npucigaHH:AX 3i IITaHTOk0 Ha IUIeYax nopisHAHO 3 rpynor KOH (P <.001). Ipyna ITT+KT mpo-
TeMOHCTPYBasa BUIIi TeMIM 3pocTaHHA iHfekcy RMSSD y crani criokoro mopiBHAHO 3 rpymoto IIT (P = .008) Ta rpymoro KOH (P
<.001). ITip yac BucokointeHcuBHux Brpas (80% Bix 1-IIM) piBenb SmO, 6yB 3Hauno BuiuM y rpymi IIT+KT, Hix B 060X rpymax
IIT ra KOH (P < .01). IToryxsictb Bucokux yactot (HF) micis BukoHaHHs Bipas Kpaite 36epiranacs B rpymni IIT+KT, uixk y KOH
(P =.003). Kpim Toro, mokasHmuku crpubKa 3 KOHTpPPyXOM IIpofeMOHCTpyBamu cyTreimmit npupict y rpymi ITT+KT, mixx y IIT (P
=.04) Ta KOH (P <.001), mpy IbOMY CTaTUCTUYHO 3HAYYIINX BifMiHHOCTeI1 y piBHAX IAKTATY B KPOBi 200 IIOKa3HMKAX PEHITUHTY
crpuitasiToro HaBanTaxeHHs (RPE) BusBieHo He 6y710.

BucnoBku. OTpuMaHi pe3ynbTaTy MiATBEPIKYIOTb, 1110 IO€HAHHA I/TIOMETPUYHOTO TPEHYBaHH: 3 METOJMKOIO TPEHYBaHb
M’s13iB KOpy 3abe3Iiedye 3sHaYHilIle IIOIMIIIeHH [I0Ka3HVKIB BeIreTaTUBHOI pery/IALil Ta OKCUTeHallii M'sI3iB TOPIBHAHO 3 BUK/IIOU-
HVM 3aCTOCYBaHHAM IUTIOMETPUKI, 10 OOIPYHTOBYE iHTerpallito 3a3Ha4€HOT0 METOAY y IporpaMi KOHAMIIITHOTO TPeHYBaHHA
Ha OCHOBI CIJIOBUX BIIPAB 3 METOIO IIOKpaleHHs (isiooriyHoi aganTarii Ta MifBUIEHHS Pe3yIbTaTNBHOCTI.

KirouoBi cnoBa: mrioMeTpuyHe TpeHYBaHHA, CTabIIbHICTD KOPY, BapiabelbHICTh CeplieBOr0 PUTMY, OKCUTeHAllisd M A3iB,
OmKHs iH(ppadepBOHa CIEKTPOCKOIIis, CUIOB] BIIPaBy, BereTaTUBHA PETY/IALIis.
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