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Abstract

Objective The aim of this study is to investigate the behavior of autonomic nervous activation and infrared thermography
(IR) after an eccentric exercise protocol.

Methods The sample consisted of ten physically active men (22.5 +3.3 years) who had not practiced plyometric training
in the 6 months prior to the study. After a period of familiarization and assessment of body composition, the participants
underwent a plyometric jumping protocol, including jumps over a 50 cm obstacle and jumps from a 50 cm box, after a
5-min warm-up on the treadmill. Subsequently, the following assessments were performed: assessments included measures
of rating perceived fatigue (RPF), delayed-onset muscle soreness (DOMS), IRT and heart rate variability (HRV) performed
at 24, 48 and 72 h after exercise.

Results The RPF results showed a significant increase from baseline at 24 h, 48 h, and 72 h after the muscle damage protocol.
For DOMS, significant increases were observed at 24 h, 48 h, and 72 h compared to baseline, with values notably higher at
24 h and 48 h than at 72 h. Thermographic assessments of the posterior thigh region showed a higher concentration of pixels
in the warm zone at 48 h and 72 h compared to baseline, as well as at 48 h and 72 h compared to 24 h. Regarding HRYV, the
LF/HF ratio and %LF were elevated at 24 h and 48 h compared to baseline and 72 h, while %HF decreased at 24 h and 48 h
relative to baseline.

Conclusion The exercise-induced stress increased warm-zone pixels and elevated sympathetic activity (LF/HF ratio and %LF)
up to 48 h post-exercise. This was followed by a shift to increased parasympathetic modulation (higher %HF), indicating
recovery. These findings underscore the utility of IRT and HRV in monitoring recovery and optimizing training.

Keywords Autonomic modulation - Exercise recovery - Sympathetic activity - Parasympathetic modulation - Delayed-onset
muscle soreness
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Introduction

Physical exercise is considered a stressor that disrupts
homeostasis. Depending on the level of stress caused by
physical exercise, the immune system generates an inflam-
matory response, signaling to the autonomic nervous sys-
tem via pro-inflammatory cytokines [1]. This process is
critical as it triggers a complex feedback loop between
the immune system and the autonomic nervous system,
which plays a pivotal role in maintaining and restoring
physiological balance [2].

Among the systems involved in this feedback are the
autonomic nervous system, which comprises the sympa-
thetic nervous system, parasympathetic nervous system,
and enteric nervous systems [3, 4]. The autonomic nervous
system is primarily responsible for important physiologi-
cal functions such as blood flow and pressure, metabolic
demands of tissues, thermoregulation, motility, and gas-
trointestinal tract secretion, among others. These func-
tions are essential for preserving homeostasis during both
internal and external disturbances, particularly through the
integrative relationship between the immune and neuroen-
docrine systems [1, 5].

The main communication between the systems is
potentially organized by cytokines released by cells of the
innate immune system, which provide signals to inhibit
the immunomodulatory response through the sympa-
thetic and vagal pathways that initiate pro-inflammatory,
anti-inflammatory, and immunosuppressive actions [6,
7]. Notably, the sympathetic nervous system has a cru-
cial role in immune function by innervating lymphoid
organs, thereby influencing immune responses through
norepinephrine released in peripheral lymphoid organs
and adrenaline secreted by the adrenal medulla [6, 8].

In muscle damage induced by unusually strenuous phys-
ical exercise with greater eccentric demand, an inflamma-
tory response occurs, initiating a cascade of physiological
processes aimed at healing or repairing tissue damage.
This response is an essential part of the body’s defense
mechanism and is marked by elevated cytokines and other
inflammatory markers in the blood, which serve to regulate
and coordinate the repair of affected muscle fibers [9-13].

The sympathetic and parasympathetic functions are
altered due to the inflammatory process, caused by exer-
cise-induced muscle damage. The sympathetic system
has its predominant activity in conditions that control
“fight-or-flight” responses, that is, emergency conditions
or preparation for strenuous activity and during physical
exercise. The parasympathetic system predominates in
resting conditions, regulating basic bodily functions, con-
serving and storing energy [4, 14]. Mechanical hyperalge-
sia from peripheral nerve afferents sensitization following
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delayed-onset muscle soreness (DOMS) is linked with
autonomic nervous system and may cause an increase in
sympathetic activity and increased LF/HF ration [15].
Heart rate variability (HRV) is a valuable tool to assess
the modulation between these two systems, providing
insights into the balance between sympathetic, and para-
sympathetic activity by analyzing the ratio between low
frequency (LF) and high frequency (HF) (LF/HF) [16].

Of the cardinal signs related to the inflammatory process,
the increase in skin temperature (Tsk) observed following
physical exercise is a complex phenomenon. While it may be
partially influenced by exercise-induced muscle damage, it is
also closely related to the increased work of active muscles
and their greater production of energy, which is dissipated as
heat. This heat dissipation triggers several thermoregulatory
reflexes in the skin, mediated by the autonomic nervous system
through sympathetic activation [17]. The interplay between
these factors suggests that the increase in Tsk cannot be attrib-
uted solely to inflammation, but rather to a combination of
muscle activity and thermoregulatory processes, making the
phenomenon more intricate and not fully understood.

This supports the physiological explanation for the use of
infrared thermography (IRT), as the inflammatory response
induces an increase in blood flow and metabolic activity in
the exercised region. This entire process has a direct influ-
ence on Tsk, which can be captured by IRT [18]. Given that
the skin receives dual autonomic innervation, predominantly
under sympathetic control, Tsk changes reflect the underly-
ing autonomic activity, where sympathetic nervous system
activation typically causes vasoconstriction and cooling, and
peripheral nervous system activity can lead to vasodilation
and warming [19, 20].

Such changes in Tsk resulting from an inflammatory
process caused by physical exercise have been increasingly
investigated in recent years, with a growing number of pub-
lications in sports and health using infrared thermography
(IRT) [21, 22]. Despite this, the specific relationship between
autonomic nervous system activation and these temperature
fluctuations remains inadequately understood, and the effec-
tiveness of IRT in tracking inflammatory responses warrants
further investigation. Therefore, the aim of this study is to
investigate the behavior of autonomic nervous activation and
infrared thermography after an eccentric exercise protocol.
To achieve this, we monitored changes in DOMS, HRV, and
IRT.

Materials and methods
Participants

Ten male participants were recruited for this study
(age 22.5+3.3 years, weight 71.7+11.0 kg, height



Sport Sciences for Health

171.1 £5.3 cm, and fat mass 15.5+4.7%). A sample size of
participants was estimated using the G* Power 3.1 software
(University of Diisseldorf, Diisseldorf, Germany) with a sta-
tistical power of 80%, a error of 0.05 and an effect size of 0.5
for data changes in skin temperature [23]. All participants
were classified as physically active based on the Interna-
tional Physical Activity Questionnaire (IPAQ) short version
[24], engaging in an average of 5+ 1 training sessions per
week, totaling 305 + 102 min per week.

To control for potential external influences on perfor-
mance, the participants were instructed to avoid strenuous
physical activity for one week prior to and during the study.
All participants were fully informed about the nature of
the study, including potential risks and benefits, and pro-
vided written informed consent. The study was conducted
in accordance with the Declaration of Helsinki (1975) and
received approval from the Institutional Review Board
of the Federal University of Maranhdo (protocol number
3.429.057).

Inclusion and exclusion criteria

Regarding the inclusion criteria, the participants were
included in the study only if they were classified as physi-
cally active and had no prior experience in plyometric
training for at least 6 months before the study, to minimize
any residual effects from previous training and ensure that
baseline performance or recovery metrics were unaffected
by prior plyometric exercises. Additionally, they needed to
demonstrate overall physical health, defined as the absence
of musculoskeletal injuries, cardiovascular conditions, or
any other chronic health issues that could interfere with
physical performance. As for the exclusion criteria, indi-
viduals with any history of musculoskeletal or cardiovascu-
lar conditions, or those who had participated in a plyometric
training program within the 6 months before the study, were
excluded from participation.

Study design

The experimental stage occurred at least 5 days after the
sample characterization (measuring body composition and
collecting data on physical activity levels) and familiariza-
tion phase. During the familiarization phase, the partici-
pants performed a total of five vertical jumps to become
accustomed to the jumping protocol and reduce learning
effects. Additionally, the participants completed the IPAQ
to assess their physical activity levels. On the day of the
experimental collections, the participants underwent a series
of analyses including subjective ratings of perceived fatigue
and muscle soreness, IRT, and HRV measurements. The
recovery assessments were conducted at 24, 48, and 72 h

following the prescribed exercise to evaluate the effects on
the participants.

Body composition assessment

Body composition was assessed through measurements of
body mass, height, and skinfold thickness. A Wellmy®W300
scale with a stadiometer was used to measure body mass and
height, with an accuracy of 0.5 cm for height and 0.05 kg
for weight. Skinfold thickness was measured at eight spe-
cific sites: subscapular, triceps, biceps, pectoral, subaxil-
lary, suprailiac, abdominal, thigh, and calf, using a Sanny®
caliper, calibrated in millimeters, following the protocol
established by Jackson and Pollock [25]. The values from
each skinfold were summed (Z skinfolds) to estimate body
fat percentage, calculated using the Inforsob® 1.0 software.

Plyometric exercise

The muscle damage protocol employed in this study was
based on the protocol described by Tofas et al. [26]. Briefly,
a warm-up was performed on a treadmill (5 min at 8 km/h).
Following the warm-up, the volunteers began the jumping
protocol. This protocol consisted of two types of jumps: 96
jumps over a 50 cm obstacle (eight sets of 12 repetitions)
and 96 jumps starting from a 50-cm box and jumping until
touching the ground (eight sets of 12 repetitions). The inter-
val between sets for the obstacle jumps was 90 s, while the
interval for the box jumps was 180 s.

Rating perceived fatigue

The rating perceived fatigue (RPF) scale was evaluated at
24, 48, and 72 h after the muscle damage protocol. This
scale subjectively predicts the recovery status of athletes
and/or individuals engaged in physical activity. It is graded
on a scale from O to 10 and possesses both verbal and numer-
ical properties [27]. Recent studies have increasingly uti-
lized this scale in research on physical recovery and fatigue
assessment [28, 29].

Delayed-onset muscle soreness

Each participant completed a muscle soreness scale for the
anterior (quadriceps) and posterior (hamstrings) regions of
the thigh before each training session. They rated their sore-
ness on a scale from 0 (“no soreness”) to 10 (“very intense
soreness’’). Muscle soreness was assessed before and at 24,
48, and 72 h after the plyometric exercise, following stand-
ard procedures [30-33].
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Infrared thermography evaluations

For the collection of thermographic images, the subjects
were instructed not to perform vigorous activities in the 48 h
prior to the procedures, not to consume alcohol or caffeine,
and not to use any type of skin cream in the 6 h prior to
the evaluation [34]. Further instructions included to avoid
sunbathing and physiotherapy treatments (e.g., massages or
cryotherapy)—all recommendations were to minimize any
influence on Tsk measurements [21]. To obtain the thermo-
grams, the volunteers remained at rest for 10 min inside the
air-conditioned room for thermal equilibrium [18]. These
images were captured by a FLIR T650sc camera (accu-
racy: + 1.0 °C, sensitivity: < 0.02 °C; resolution: 640 X 480;
temperature range: —40 °C to 2000 °C; spectral range:
7.5-14 pm); FLIR System Inc. Model, Sweden). Before the
thermographic images were collected, the IRT camera was
calibrated by entering ambient temperature (20-22.0 °C),
relative humidity (RH, 55-60%) and emissivity (¢ =0.98)
[21, 35]. To analyze thermograms, the thermopixelgraphy
method (TPG) proposed by Fernandes [34] was used, with
APOLLO software (APOLLO®, v. 1.0, OMNI, Brazil) for
thermal analysis and analyzed using the thermopixelgraphy
method [34, 36], considering pixels compatible with tem-
peratures >33 °C (warm zone) [34, 37].

Environmental variables

Temperature and relative humidity monitored by Heat Stress
WBGT meter (FLIR Commercial Systems Inc, model HT30,
Nashua, NH).

Heart rate variability

HRYV was recorded with a 12-lead electrocardiogram from
WinCardio 6.1.1 and with a 600 Hz electrocardiogram
signal (Micromed Biotecnologia Ltda) in the supine posi-
tion, for 10 min, at rest, with a spontaneous and normal
respiratory rate (between 9 and 22 respiratory cycles per
minute). Recorded at all times of analysis (24, 48 and 72 h).
The indices were evaluated using the Kubios HRV Analy-
sis software, version 2.0 (Kubios, Finland) [38, 39]. HRV
was analyzed in the frequency domain using Fast Fourier
Transform (FFT), where low frequency (LF 0.04-0.15 Hz),
high frequency (HF 0.15-0.4 Hz) representing sympathetic
and vagal modulations, respectively, and autonomic balance
(LF/HF ratio) of the RR interval time series were measured.
The beat-to-beat datasets were converted to equidistant time
series before applying FFT to calculate and analyze the spec-
tra. The LF component reflects sympathetic and vagal modu-
lation, whereas the HF component appears to be the result
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of vagal modulation. Furthermore, the LF/HF component
has been proposed as a measure of cardiac sympathovagal
balance.

Data and statistical analyses

The data are presented as mean =+ standard deviation (SD).
The Shapiro—Wilk test was used to assess the normality of
the variables. Given that the variables did not follow a nor-
mal distribution, comparisons among baseline, 24 h, 48 h,
and 72 h post-exercise were conducted using the general-
ized estimating equations (GEE) model [33]. Based on the
near information criterion adherence index (QIC) values, the
model was adjusted to the gamma distribution for the statis-
tical tests in GEE. Time was treated as an independent fac-
tor with a fixed effect, and Bonferroni post hoc corrections
were applied when necessary for multiple comparisons. To
assess the size of the effect, Cohen’s d test was employed.
The interpretation of effect sizes followed Cohen’s thresh-
olds (1998), as modified by Hopkins [34]: trivial =0.0-0.2;
small =0.2-0.6; moderate =0.6-1.2; large =1.2-2.0; very
large =2.0-4.0; and extremely large > 4.0, with a 95% con-
fidence interval. Data analysis was performed using Statisti-
cal Package for the Social Sciences (SPSS, Inc, Chicago, IL,
USA) version 24.0, with significance set at p <0.05. Graphs
were created using GraphPad Prism version 8 (GraphPad,
San Diego, CA, USA) (Fig. 1).

Results

The rating of RPF measurement used to assess the recovery
status of the subjects after physical exercise showed a sig-
nificant increase compared to the baseline at 24 h, 48 h, and
72 h after the muscle damage protocol. Additionally, the
RPF values at 24 h and 48 h were significantly higher than
those at 72 h, indicating a peak in fatigue at 48 h followed
by partial recovery at 72 h (p <0.003) (Fig. 2).

For DOMS (Fig. 3), there was a significant increase in
the 24 h, 48 h, and 72 h moments (p =0.000; p =0.000;
p=0.002, respectively) compared to the baseline and in
the 24 h and 48 h moments compared to the moment 72 h
(»=0.000 and p =0.000) after muscle damage protocol.

When analyzing the temperature radiated from the skin,
using infrared thermography, the results are presented in
the distribution of pixels in each region of interest (ROI).
Figure 4 represents Tsk changes in the anterior and pos-
terior thighs, collected in each moment of this study
(baseline, 24, 48, and 72 h). In the analysis of the anterior
region of the thigh (Fig. 4A), there was no statistically sig-
nificant difference in the warm zone, but a very large effect
size was presented for the baseline moment vs 48 h post
(TE=2.9) (Table 1). For the IRT results in the posterior
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Fig. 1 Anterior (A) and pos- A
terior (B) thermopixelgraphy
(TPG) of the low limbs (thigh
and leg) with marked regions

of interest (ROI’s) taken for
automatic analysis into three
temperature zones (cold, neutral
and warm zones)

Rating Perceived Fatigue

10+
8 —
(=]
E 6 - L " |
g I 1
.
o 4- —
1 .
2 -

<z°(° <z°‘° S

Fig.2 Rating perceived fatigue for all moments. (* significant differ-
ences from baseline—p <0.05. (# significant differences from post
72 h, p<0,05)
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Fig.3 DOMS for all moments. (* significant differences from base-
line—p < 0.05. (# significant differences from post 72 h, p<0.05)

region of the thigh (Fig. 4B), there was a higher concentra-
tion of the number of pixels in the warm zone there when
comparing the baseline moment and the moments 48 h
and 72 h (p =0.006 and p =0.003) and when comparing
the moment 24 h post with the moments 48 h and 72 h
(p=0.045 and p =0.003). Furthermore, a very large effect
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Fig.4 Tsk changes in the anterior and posterior thighs at baseline
and 24-72 h following plyometric exercise. Means (SD) for anterior
thigh (A), posterior thigh (B). (* significant differences from baseline

Table 1 Effect size result for thigh pixel distribution zones

Zonas Baseline vs 24 h Baseline vs  Base-
48 h line vs
72 h
Warm zone anterior -0.7 2.9 0.6
Warm zone posterior 1.0 3.1 3.6

Cohen’s thresholds (1998) modified by Hopkins (2020), as triv-
ial=0.0-0.2; small=0.2-0.6; moderate=0.6-1.2; large=1.2-2.0;
very large =2.0—4.0; and extremely large > 4.0

size was found for baseline vs 48 h post (TE=3.1) and
baseline vs 72 h post (TE =3.6) (Table 1).

Figure 5 represents the Tsk in the anterior and posterior
region of the legs, collected in each moment of this study
(baseline, 24, 48, and 72 h). The distribution of pixels in the
anterior region of the leg (Fig. 5A) showed that did not show
differences in the warm zone, but an extremely large effect
size was presented for the baseline vs 24 h post (TE=9.5),
baseline vs 48 h post (TE=12.1) and baseline vs 72 h post
(TE=4.6) (Table 2). For the posterior region of the leg
(Fig. 5B), the distribution of pixels showed that in the warm
zone did not show any differences.

HRYV measurements in the frequency domain included
low frequency indices (ms and percentages), high frequency
(ms and percentages), total values and LF/HF ratio, which
correspond to the absolute and relative changes in the activi-
ties of the parasympathetic and sympathetic tone of the auto-
nomic nervous system (HRV).

@ Springer
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HRYV absolute measurements in the frequency domain
are presented in the Fig. 6. The low frequency index (LF)
(Fig. 6A), which reflects the joint activity of the sympathetic
and parasympathetic components, with sympathetic pre-
dominance, presented significant values at baseline and 24 h
(p=0.000), baseline and 48 h (p =0.045) and at 24 h post
and 72 h post (p=0.001). Furthermore, a very large effect
size was presented for the baseline vs 24 h post (TE=2.9)
and an extremely large effect size for the baseline vs 48 h
post (TE=4.2) (Table 3).

For the high frequency index (HF) (Fig. 6B), which cor-
responds to respiratory modulation and the tone of vagal
activity over the heart, there were no statistical differences
in absolute values between the moments analyzed.

Figure 6C shows the LF/HF ratio that represents the sym-
patho-vagal balance over the heart. There were differences
between the baseline and 24 h moments (p =0.000) and
baseline and 48 h (p=0.011), and also between the moments
24 h and 72 h (p=0.000) and 48 h and 72 h (p=0.013). A
very large effect size was presented for the basal moment’s
vs 24 h post (TE=3.0) and baseline vs 48 h post (TE=4.1)
(Table 3).

Figure 7 represents the HRV relative measurements in
the frequency domain at baseline and 24—72 h following
plyometric exercise. For the percentage values of the LF
index (Fig. 7A), there was a statistical difference between
the analyses at moments 24 and 72 h when compared to
baseline (p <0.01). As well as difference between 24 and
72 h post protocol (p=0.002). And also, significant values
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Fig.5 Tsk changes in the anterior and posterior legs at baseline and 24-72 h following plyometric exercise. Means (SD) for anterior leg (A) and

posterior leg (B) (no significant differences)

Table 2 Effect size result for leg pixel distribution zones

Zonas Baseline vs  Baseline vs 48 h Base-
24 h line vs
72h
Warm zone anterior 9.5 12.1 4.6
Warm zone posterior 0.0 0.6 1.0

Cohen’s thresholds (1998) modified by Hopkins (2020), as triv-
ial=0.0-0.2; small=0.2-0.6; moderate=0.6—1.2; large=1.2-2.0;
very large =2.0—4.0; and extremely large > 4.0

when comparing the 48 h and 72 h moments (p =0.004).
An extremely large effect size was also presented for the
basal moment’s vs 24 h post (TE=4.1) and very large for
the baseline vs 48 h post (TE=3.5) (Table 3).

Already for the percentage values of the HF index was
identified a significant decrease in %HF at the 24 h moment
(p=0.016) and the 48 h moment (p=0.015) compared to the
72 h moment after the muscle damage protocol (Fig. 7B).
Moreover, a very large effect size was observed for the

A 4000- B 3000 Cc 10000-
*
—
8000
3000 *
# 2000 . 6000
) 0
2000 T £
E 1 E 1 4000-
1000
1000+ 20004
> $ $ $
*\(\0 € & & Q\& &€ & © & ,\q:‘\
| N 4 | 4 N A N
s X X X i X X X ¥ &£ )
Qo” Qo" Qog Qog Qo* Qo" 4 Q R

Fig.6 HRV absolute measurements in the frequency domain at base-
line and 24-72 h following plyometric exercise. Means (SD) for low
frequency (A), high frequency (B), low frequency/high frequency

ratio (C). (* significant differences from baseline—p < 0.05; # signifi-
cant differences from post 72 h, p <0.05)
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Table 3 Effect size result for HRV measurements in the frequency

domain

Indices Basal vs 24 h Basal vs 48 h Basal vs 72 h
LF-HF ratio 3.0 4.1 -1.0

HF (ms) -0.0 0.6 -0.3

% HF -1.5 -1.1 2.2

LF (ms) 2.9 4.2 -0.2

% LF 4.1 3.5 -0.7

Total 0.8 1.7 -0.3

Cohen’s thresholds (1998) modified by Hopkins (2020), as triv-
ial=0.0-0.2; small=0.2-0.6; moderate=0.6-1.2; large=1.2-2.0;
very large =2.0—4.0; and extremely large > 4.0

comparison between baseline and 72-h post (TE=2.2)
(Table 3). Figure 7C shows the LF/HF ratio that represents
the sympatho-vagal balance over the heart. There were dif-
ferences between the baseline and 24 h moments (p =0.000)
and baseline and 48 h (p=0.011), and also between the
moments 24 h and 72 h (p =0.000) and 48 h and 72 h
(p=0.013), shown in Fig. 7C. A very large effect size was
observed for the comparison between baseline moments and
24-h post (TE=3.0) and between baseline and 48-h post
(TE=4.1) (Table 3).

Discussion

The objective of this study was to investigate the behavior
of autonomic nervous activation and infrared thermography
after an eccentric exercise protocol. Our findings revealed
that the stress induced by exercise with predominantly
eccentric characteristics led to an increase in warm zone

pixels, primarily observed after the initial 24 h in posterior
region of the thigh, the area most affected by the eccentric
characteristics of the exercise. This was accompanied by an
elevation in LF% and the LF/HF ratio, which persisted until
48 h. Regarding cardiac modulation, significant differences
in the values for %HF were found 72 h after the protocol
(compared to 24 and 48 h).

The increase in DOMS at 24 and 48 h after the eccentric
protocol is in line with what was found in previous stud-
ies that evaluated indirect markers of muscle damage and
metabolic demand after eccentric exercise [33, 40-42].
For example, Peiiailillo et al. [40] found that DOMS val-
ues were increased at 48 h and 72 h in young people after
eccentric cycling. In the studies conducted by Arazi et al.
[33], Kamandulis et al. [41], and Markovic et al. [42], which
utilized a plyometric jumping protocol, VAS values exhib-
ited an increase within 24 h, persisted at elevated levels
for up to 48 h, and returned close to baseline values within
72 h—demonstrating a pattern similar to that observed in
the present study. In contrast, the study by Korman et al.
[43], which examined a continuous 10-day training protocol,
identified a progressive decrease in resting skin temperature
and an accumulated increase in creatine kinase levels, sug-
gesting a potential long-term thermoregulatory adaptation
to daily training. These results highlight that continuous
exercise protocols may induce a different thermoregulatory
response compared to single-session eccentric protocols,
which, as shown in the present study, generate an acute,
localized inflammatory response. It is also important to note
that changes in skin temperature do not always correlate
directly with biomarkers of muscle damage such as creatine
kinase [44]. This suggests that temperature changes, while
useful, may capture only part of the recovery and muscle

A B c
50 *H 50 4-
[ *H
|
40 L 40 #
| 3
2
30 30 o
B X L g 1
20 20 I
[T
-
10 10 14 ==
0- T T 0- T T 0- | |
< a 9 D < D D D
< ¢ N & & & & $ & o o &
& W 2 A & 2 Y af & & E
N A Y # V¥ A & 9 R AV
¥ & P P ¥ £ P F > > &
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Fig.7 HRV relative measurements in the frequency domain at base-
line and 24-72 h following plyometric exercise. Means (SD) for %
low frequency (A), % high frequency (B) and low frequency/high fre-
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quency ratio (C). (* significant differences from baseline—p <0.05; #
significant differences from post 72 h, p <0.05)
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damage process, reflecting factors like blood flow and met-
abolic activity in the tissue rather than direct markers of
muscle fiber damage. Therefore, temperature assessments
should ideally be combined with biochemical markers for
a more comprehensive understanding of muscle recovery
and damage [45].

The literature reports that eccentric muscular actions
such as those performed during plyometric jumps, cause
muscle damage [33, 40-42], accompanied by an inflamma-
tory repair process, which generates increased blood flow
and metabolic activity in the exercised region [18, 46]. This
physiological stress can be measured by evaluating cardinal
signs of inflammation, such as pain and heat.

The muscle damage generated resulted in a change in
the distribution of pixels in the warm temperature zone.
The increase in temperature, verified by the increase in the
number of pixels in the warm zone occurred mainly in the
posterior thigh region. The stress caused by the proposed
protocol may also have caused a depression in parasympa-
thetic/vagal tone, an increase in sympathetic activity and a
reduction in HRV due to the corresponding increase in hypo-
thalamic pituitary adrenal axis activity [47]. The analysis of
Tsk, verified using infrared thermography, is associated with
sympathetic nervous system modulation. The increase in the
number of pixels in the warm zone after the protocol may be
attributed to the rise in catecholamines, leading to height-
ened sympathetic activity. Over time, there is an augmenta-
tion in skin vascularization and heat exchange facilitated
through the regulation of skin perfusion [48].

Additionally, the physiological mechanism linking ther-
mal changes and HRV may involve peripheral sensitization,
which plays a pivotal role in pain (soreness) perception,
muscle blood flow, and muscle afferent gene expression.
This peripheral sensitization can influence the autonomic
nervous system response, particularly impacting HRV.
As demonstrated by Zambolin et al. [15], the interaction
between muscle damage and the resulting inflammatory
response could lead to altered HRV via changes in muscle
afferent activity and sympathetic modulation. This highlights
the complex interplay between thermal responses, pain, and
HRYV suggesting that thermal imaging might reflect not only
superficial circulation, but also deeper autonomic processes
related to muscle recovery and inflammation.

In a recent study, Sillero-Quintana et al. [46] report the
relationship between the activation of the sympathetic and
parasympathetic systems with the Tsk of the lower limbs
after a strength resistance exercise protocol, with PRE,
POST, and POST-20 min measurements. An increase
in sympathetic activation and an increase in Tsk were
observed in the areas exercised in the POST and POST-
20 min moment compared to the PRE moment. Although
the collection times are different, it can be observed that
both HRV and temperature are indicative of the individual’s

psychophysiological condition, and both are influenced by
the activity of the autonomic nervous system [49, 50]. The
temperature radiated from the skin can provide information
about superficial circulation, which is modulated by the
autonomic nervous system, responsible for thermoregulation
processes, mainly due to venous return and cardiac output,
which are also modulated by heat transfer from the skin to
the blood and, subsequently, to the center of the body [51,
52].

The thermal changes observed in the present study may
be linked to HRV through peripheral sensitization, which
plays a critical role in pain perception, muscle blood flow,
and the expression of muscle afferent genes. These factors
can influence autonomic modulation, affecting both the
increase in sympathetic activity and the depression of para-
sympathetic tone [15].

The findings of this study highlight the potential benefits
of monitoring autonomic modulation and thermal responses
in athletes to optimize recovery protocols. Health profes-
sionals, including physiologists, and athletic trainers should
consider incorporating non-invasive methods such as IRT
and HRV assessments in their practice. By using these tools,
professionals can tailor recovery strategies to individual ath-
letes, promoting more effective interventions that address
physiological stress and enhance recovery.

The extrapolations of the present study’s results should
consider several limitations, including the lack of control
over exercise intensity and the small number of participants.
Although we used methods such as DOMS, HRV, and IRT
to evaluate post-exercise effects, incorporating more precise
tools like creatine kinase measurement could offer a clearer
understanding of muscle damage. Additionally, it is impor-
tant to assess muscle pain using more precise and consist-
ently available methods, such as algesimeters, to improve
the accuracy of pain measurement. Future research should
utilize these advanced tools to better explore the relation-
ship between exercise and physiological responses. By cor-
relating these precise measurements with existing methods,
researchers could address controversial findings and enhance
the overall interpretation of results.

Conclusion

The present study demonstrated that exercise-induced stress
resulted in a significant increase in warm-zone pixels, par-
ticularly in the posterior thigh region, alongside heightened
sympathetic nervous system activity that lasted for up to 48 h
post-exercise. This was followed by a notable shift towards
increased parasympathetic nervous system modulation,
indicating a recovery of vagal activity within the autonomic
nervous system. This modulation may initially be linked
to sympathetic nervous system-mediated vasoconstriction,
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followed by vasodilation as Tsk rises, ultimately leading to
a restoration of parasympathetic nervous system dominance.
These findings highlighted the importance of monitoring
sympathetic/parasympathetic activity and infrared thermog-
raphy as a means of understanding the recovery process after
exercise. The use of non-invasive methods such as IRT and
HRYV can be valuable, especially in the daily work of sports
physiologists and coaches, as a way to assess physiological
stress, load control, and recovery strategies in athletes, but
they must be applied taking into account biological individu-
ality and exercise conditions.

Acknowledgements This Project was financially supported by Federal
University of Maranhdo, Funda¢do de Amparo a Pesquisa do Estado
do Maranhdo (FAPEMA) and Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES — Finance code 001).

Author contributions WKBM: Conceptualization, Formal Analysis,
Methodology, Project Administration, Resources, Writing — original
draft. PVAS; VFFO; GAP; LBL; PF; MGA; EMP; CTM; HAC; AVDF;
MNSO and CETC: Methodology, Project Administration, Resources.
LBL; PF and CEV Conceptualization, Formal Analysis, Methodology,
Project Administration, Resources, Writing — original draft, Funding
acquisition.

Data availability No datasets were generated or analysed during the
current study.

Declarations

Conflict of interest The authors declare no conflict interests.

References

1. Benarroch EE (2007) The autonomic nervous system: basic anat-
omy and physiology. Continuum Lifelong Learn Neurol 13(6):13—
32. https://doi.org/10.1212/01.CON.0000299964.20642.9

2. Andersson U, Tracey KJ (2012) Neural reflexes in inflammation
and immunity. J Exp Med 209(6):1057-1068. https://doi.org/10.
1084/jem.20120571

3. Madden KS, Felten SY, Felten DL, Hardy CA, Livnat S (1994)
Sympathetic nervous system modulation of the immune system.
IL. Induction of lymphocyte proliferation and migration in vivo
by chemical sympathectomy. J Neuroimmunol 49(1-2):67-75.
https://doi.org/10.1016/0165-5728(94)90182-1

4. Wehrwein EA, Orer HS, Barman SM (2016) Overview of the
anatomy, physiology, and pharmacology of the autonomic nerv-
ous system. Compr Physiol 6:1239-1278. https://doi.org/10.1002/
cphy.c150037

5. Shields RW Jr (1993) Functional anatomy of the autonomic nerv-
ous system. J Clin Neurophysiol 10(1):2-13

6. Benarroch EE (2009) Autonomic-mediated immunomodula-
tion and potential clinical relevance. Neurology 73(3):236-242.
https://doi.org/10.1212/WNL.0b013e3181aebd43

7. Benarroch EE (2019) Autonomic nervous system and neuroim-
mune interactions: new insights and clinical implications. Neu-
rology 92(8):377-385. https://doi.org/10.1212/WNL.0000000000
006942

8. Pavlov VA, Chavan SS, Tracey KJ (2018) Molecular and func-
tional neuroscience in immunity. Annu Rev Immunol 36(1):783—
812. https://doi.org/10.1146/annurev-immunol-042617-053158

@ Springer

10

11.

12.

13.

14

15.

16.

17.

18.

20.

21.

22.

23.

24.

Freire MO, Van Dyke TE (2013) Natural resolution of inflam-
mation. Periodontol 63(1):149-164. https://doi.org/10.1111/prd.
12034

Chen L, Deng H, Cui H, Fang J, Zuo Z, Deng J, Zhao L (2018)
Inflammatory responses and inflammation-associated diseases
in organs. Oncotarget 9(6):7204. https://doi.org/10.18632/oncot
arget.23208

Ispirlidis I, Fatouros IG, Jamurtas AZ, Nikolaidis MG, Michai-
lidis I, Douroudos I, Taxildaris K (2008) Time-course of changes
in inflammatory and performance responses following a soccer
game. Clin J Sport Med 18(5):423-431. https://doi.org/10.1097/
JSM.0b013e3181818e0b

Mohr M, Draganidis D, Chatzinikolaou A, Barbero-Alvarez J C,
Castagna C, Douroudos I, Fatouros IG (2016) Muscle damage,
inflammatory, immune and performance responses to three foot-
ball games in 1 week in competitive male players. Eur J Appl
Physiol 116:179-193. https://doi.org/10.1007/s00421-015-3245-2
Souglis A, Bogdanis GC, Chryssanthopoulos C, Apostolidis
N, Geladas ND (2018) Time course of oxidative stress, inflam-
mation, and muscle damage markers for 5 days after a soccer
match: effects of sex and playing position. J Strength Condition
Res 32(7):2045-2054. https://doi.org/10.1519/I1SC.0000000000
002436

McCorry LK (2007) Physiology of the autonomic nervous system.
Am J Pharmaceut Educ. https://doi.org/10.5688/aj710478
Zambolin F, Giuriato G, Laginestra FG, Ottaviani MM, Favaretto
T, Calabria E, Venturelli M (2022) Effects of nociceptive and
mechanosensitive afferents sensitization on central and periph-
eral hemodynamics following exercise-induced muscle damage. J
Appl Physiol 133(4):945-958. https://doi.org/10.1152/japplphysi
01.00302.2022

Shaffer F, Ginsberg JP (2017) An overview of heart rate variability
metrics and norms. Front Public Health 5:258. https://doi.org/10.
3389/fpubh.2017.00258

Johnson JM, Minson CT, Kellogg DL Jr (2011) Cutaneous vaso-
dilator and vasoconstrictor mechanisms in temperature regulation.
Compr Physiol 4(1):33-89. https://doi.org/10.1002/cphy.c130015
Marins JCB, Fernandes AA, Cano SP, Moreira DG, Silva FS,
Costa CMA, Sillero-Quintana M (2014) Thermal body patterns
for healthy Brazilian adults (male and female). J] Therm Biol
42:1-8. https://doi.org/10.1016/j.jtherbio.2014.02.020

. Hodges GJ, Johnson JM (2009) Adrenergic control of the human

cutaneous circulation. Appl Physiol Nutr Metab 34(5):829-839.
https://doi.org/10.1139/H09-076

Kistler A, Mariauzouls C, Von Berlepsch K (1998) Fingertip
temperature as an indicator for sympathetic responses. Int J Psy-
chophysiol 29(1):35-41. https://doi.org/10.1016/S0167-8760(97)
00087-1

Moreira DG, Costello JT, Brito CJ, Adamczyk JG, Ammer K,
Bach AJ, Sillero-Quintana M (2017) Thermographic imaging in
sports and exercise medicine: a Delphi study and consensus state-
ment on the measurement of human Tsk. J Therm Biol 69:155-
162. https://doi.org/10.1016/j.jtherbio.2017.07.006
Pérez-Guarner A, Priego-Quesada JI, Oficial-Casado F, Anda
RMCO, Carpes FP, Palmer RS (2019) Association between physi-
ological stress and Tsk response after a half marathon. Physiol
Meas 40(3):034009. https://doi.org/10.1088/1361-6579/ab0fdc
Santana PVA, Alvarez PD, da Costa Sena AF, Serpa TK, de Assis
MG, Pimenta EM, Veneroso CE (2022) Relationship between
infrared thermography and muscle damage markers in physically
active men after plyometric exercise. J] Therm Biol 104:103187.
https://doi.org/10.1016/j.jtherbio.2022.103187

Matsudo S, Aratijo T, Marsudo V, Andrade D, Andrade E, Brag-
gion G. (2001). Questinario internacional de atividade flsica
(IPAQ): estudo de validade e reprodutibilidade no Brasil. Rev
bras ativ fis saude, 05-18.


https://doi.org/10.1212/01.CON.0000299964.20642.9
https://doi.org/10.1084/jem.20120571
https://doi.org/10.1084/jem.20120571
https://doi.org/10.1016/0165-5728(94)90182-1
https://doi.org/10.1002/cphy.c150037
https://doi.org/10.1002/cphy.c150037
https://doi.org/10.1212/WNL.0b013e3181aebd43
https://doi.org/10.1212/WNL.0000000000006942
https://doi.org/10.1212/WNL.0000000000006942
https://doi.org/10.1146/annurev-immunol-042617-053158
https://doi.org/10.1111/prd.12034
https://doi.org/10.1111/prd.12034
https://doi.org/10.18632/oncotarget.23208
https://doi.org/10.18632/oncotarget.23208
https://doi.org/10.1097/JSM.0b013e3181818e0b
https://doi.org/10.1097/JSM.0b013e3181818e0b
https://doi.org/10.1007/s00421-015-3245-2
https://doi.org/10.1519/JSC.0000000000002436
https://doi.org/10.1519/JSC.0000000000002436
https://doi.org/10.5688/aj710478
https://doi.org/10.1152/japplphysiol.00302.2022
https://doi.org/10.1152/japplphysiol.00302.2022
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.1002/cphy.c130015
https://doi.org/10.1016/j.jtherbio.2014.02.020
https://doi.org/10.1139/H09-076
https://doi.org/10.1016/S0167-8760(97)00087-1
https://doi.org/10.1016/S0167-8760(97)00087-1
https://doi.org/10.1016/j.jtherbio.2017.07.006
https://doi.org/10.1088/1361-6579/ab0fdc
https://doi.org/10.1016/j.jtherbio.2022.103187

Sport Sciences for Health

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Jackson AS, Pollock ML (1978) Generalized equations for predict-
ing body density of men. Br J Nutr 40(3):497-504. https://doi.org/
10.1079/BIN19780152

Tofas T, Jamurtas AZ, Fatouros I, Nikolaidis MG, Koutedakis Y,
Sinouris EA, Theocharis DA (2008) Plyometric exercise increases
serum indices of muscle damage and collagen breakdown. J
Strength Condition Res 22(2):490-496. https://doi.org/10.1519/
JSC.0b013e31816605a0

Morandi RF, Pimenta EM, Andrade AG, Serpa TK, Penna EM,
Costa CO, Garcia ES (2020) Preliminary validation of mirrored
scales for monitoring professional soccer training sessions. J Hum
Kinet 72(1):265-278. https://doi.org/10.2478/hukin-2019-0112
Wilke CF, Coimbra CC, Drummond FR, Drummond LR, Cam-
pos HO, Kanope T, Ramos GP (2024) Differences between 48
and 72-hour intervals on match load and subsequent recovery: a
report from the Brazilian under-20 national football team. Front
Sports Active Living 5:1164454. https://doi.org/10.3389/fspor.
2023.1164454

Alves A, Soalheiro I, Claudino J, Rocha G, Boullosa D, Alves A,
Pimenta E (2023) Exercise-associated muscle cramps and creatine
kinase responses after workload spikes in a professional soccer
player: a case study. Human Movement 24(1):114-120. https://
doi.org/10.5114/hm.2023.111549

Twist C, Gleeson N, Eston R (2008) The effects of plyomet-
ric exercise on unilateral balance performance. J Sports Sci
26(10):1073-1080. https://doi.org/10.1080/02640410801930168
Macaluso F, Isaacs AW, Myburgh KH (2012) Preferential type
II muscle fiber damage from plyometric exercise. J Athl Train
47(4):414-420. https://doi.org/10.4085/1062-6050-47.4.13
Tseng KW, Tseng WC, Lin MJ, Chen HL, Nosaka K, Chen TC
(2016) Protective effect by maximal isometric contractions against
maximal eccentric exercise-induced muscle damage of the knee
extensors. Res Sports Med 24(3):228-241. https://doi.org/10.
1080/15438627.2016.1202826

Arazi H, Eston R, Asadi A, Roozbeh B, Saati ZA (2016) Type of
ground surface during plyometric training affects the severity of
exercise-induced muscle damage. Sports 4(1):15. https://doi.org/
10.3390/sports4010015

Fernandes AA, Pimenta EM, Moreira DG, Marins JCB, Garcia ES
(2017) Application of infrared thermography in the assessment of
muscle damage in elite soccer athletes. MOJ Orthop Rheumatol
8(5):00328. https://doi.org/10.15406/mojor.2017.08.00328
Fernandez-Cuevas I, Marins JCB, Lastras JA, Carmona PMG,
Cano SP, Garcia-Concepcioén MA, Sillero-Quintana M (2015)
Classification of factors influencing the use of infrared thermogra-
phy in humans: a review. Infrared Phys Technol 71:28-55. https://
doi.org/10.1016/j.infrared.2015.02.007

Barcelos EZ, Caminhas WM, Ribeiro E, Pimenta EM, Palhares
RM (2014) A combined method for segmentation and registration
for an advanced and progressive evaluation of thermal images.
Sensors 14(11):21950-21967. https://doi.org/10.3390/s1411
21950

Janior JLR, Duarte W, Falqueto H, Andrade AG, Morandi RF,
Albuquerque MR, Pimenta EM (2021) Correlation between
strength and Tsk asymmetries in the lower limbs of Brazilian elite
soccer players before and after a competitive season. ] Therm Biol
99:102919. https://doi.org/10.1016/].jtherbio.2021.102919

Dias Filho CAA, Dias CJ, Barroso R, Silva Filho AC, Junior
NDIJS, Ferreira AC, Mostarda CT (2020) Cardiac autonomic
modulation of adolescents with different levels of sleep quality.
Sleep Sci 13(04):224-229. https://doi.org/10.5935/1984-0063.
20200027

Pires FDO, Pinto LM, Costa HA, Brito-Monzani JDO, Sevilio
MNDO, Castro HDO, Martins DS (2021) Resposta da modulagdo
autondmica cardiaca e capacidade funcional em mulheres idosas.

40.

41.

42.

43.

44,

45

46

47.

48

49.

50.

S1.

52.

Revista Brasileira de Medicina do Esporte 27:129-133. https://
doi.org/10.1590/1517-8692202127022020_0029

Peiiailillo L, Aedo C, Cartagena M, Contreras A, Reyes A, Ram-
irez-Campillo R, Zbinden-Foncea H (2020) Effects of eccentric
cycling performed at long vs short muscle lengths on heart rate,
rate perceived effort, and muscle damage markers. J Strength Con-
dition Res 34(10):2895-2902. https://doi.org/10.1519/JSC.00000
00000002732

Kamandulis S, Snieckus A, Venckunas T, Aagaard P, Masiulis
N, Skurvydas A (2012) Rapid increase in training load affects
markers of skeletal muscle damage and mechanical performance.
J Strength Condition Res 26(11):2953-2961. https://doi.org/10.
1519/JSC.0b013e318243ff21

Markovic G, Jukic I, Milanovic D, Metikos D (2007) Effects of
sprint and plyometric training on muscle function and athletic
performance. J Strength Condition Res 21(2):543-549

Korman P, Kusy K, Kantanista A, Straburzynska-Lupa A, Zie-
linski J (2021) Temperature and creatine kinase changes during
a 10-day taper period in sprinters. Physiol Meas 42(12):124001.
https://doi.org/10.1088/1361-6579/ac3d76

Bandeira F, Neves EB, Moura MAMD, Nohama P (2014) A ter-
mografia no apoio ao diagndstico de lesdo muscular no esporte.
Revista Brasileira de Medicina do Esporte 20:59-64. https://doi.
org/10.1590/S1517-86922014000100012

Tang D, Hu J, Liu H, Li Z, Shi Q, Zhao G, Xu F (2020) Diagnosis
and prognosis for exercise-induced muscle injuries: from con-
ventional imaging to emerging point-of-care testing. RSC Adv
10(64):38847-38860. https://doi.org/10.1039/DORA07321K
Sillero-Quintana M, Jones-Rando J, Refoyo I, Marins JCB, Seixas
A (2022) Effects of resistance training on Tsk and its relationship
with central nervous system (CNS) activation. Healthcare. https://
doi.org/10.3390/healthcare10020207

Stewart M, Stafford KJ, Dowling SK, Schaefer AL, Webster JR
(2008) Eye temperature and heart rate variability of calves dis-
budded with or without local anaesthetic. Physiol Behav 93(4—
5):789-797. https://doi.org/10.1016/j.physbeh.2007.11.044
Seixas A, Ammer K (2019) Utility of infrared thermography when
monitoring autonomic activity. Euro J Appl Physiol 119(6):1455—
1457. https://doi.org/10.1007/s00421-019-04120-x

Laborde S, Mosley E, Thayer JF (2017) Heart rate variability and
cardiac vagal tone in psychophysiological research-recommenda-
tions for experiment planning, data analysis, and data reporting.
Front Psychol 8:213. https://doi.org/10.3389/fpsyg.2017.00213
Sulavko, A. E., & Zhumazhanova, S. S. 2017. Human psycho-
physiological state recognition based on analysis of thermograms
of face and neck regions. In 2017 Dynamics of Systems, Mecha-
nisms and Machines (Dynamics). https://doi.org/10.1109/Dynam
ics.2017.8239515

Rowell LB, Brengelmann GL, Blackmon JR, Murray JA (1970)
Redistribution of blood flow during sustained high Tsk in resting
man. J Appl Physiol 28(4):415-420. https://doi.org/10.1152/jappl.
1970.28.4.415

Debiec-Bak A, Skrzek A, Podbielska H, Golubnitschaja O, Stefan-
ska M (2021) Superficial temperature distribution patterns before
and after physical activity in school children are indicative for
personalized exercise coaching and disease prevention. EPMA J
12(4):435-447. https://doi.org/10.1007/s13167-021-00262-1

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1079/BJN19780152
https://doi.org/10.1079/BJN19780152
https://doi.org/10.1519/JSC.0b013e31816605a0
https://doi.org/10.1519/JSC.0b013e31816605a0
https://doi.org/10.2478/hukin-2019-0112
https://doi.org/10.3389/fspor.2023.1164454
https://doi.org/10.3389/fspor.2023.1164454
https://doi.org/10.5114/hm.2023.111549
https://doi.org/10.5114/hm.2023.111549
https://doi.org/10.1080/02640410801930168
https://doi.org/10.4085/1062-6050-47.4.13
https://doi.org/10.1080/15438627.2016.1202826
https://doi.org/10.1080/15438627.2016.1202826
https://doi.org/10.3390/sports4010015
https://doi.org/10.3390/sports4010015
https://doi.org/10.15406/mojor.2017.08.00328
https://doi.org/10.1016/j.infrared.2015.02.007
https://doi.org/10.1016/j.infrared.2015.02.007
https://doi.org/10.3390/s141121950
https://doi.org/10.3390/s141121950
https://doi.org/10.1016/j.jtherbio.2021.102919
https://doi.org/10.5935/1984-0063.20200027
https://doi.org/10.5935/1984-0063.20200027
https://doi.org/10.1590/1517-8692202127022020_0029
https://doi.org/10.1590/1517-8692202127022020_0029
https://doi.org/10.1519/JSC.0000000000002732
https://doi.org/10.1519/JSC.0000000000002732
https://doi.org/10.1519/JSC.0b013e318243ff21
https://doi.org/10.1519/JSC.0b013e318243ff21
https://doi.org/10.1088/1361-6579/ac3d76
https://doi.org/10.1590/S1517-86922014000100012
https://doi.org/10.1590/S1517-86922014000100012
https://doi.org/10.1039/D0RA07321K
https://doi.org/10.3390/healthcare10020207
https://doi.org/10.3390/healthcare10020207
https://doi.org/10.1016/j.physbeh.2007.11.044
https://doi.org/10.1007/s00421-019-04120-x
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.1109/Dynamics.2017.8239515
https://doi.org/10.1109/Dynamics.2017.8239515
https://doi.org/10.1152/jappl.1970.28.4.415
https://doi.org/10.1152/jappl.1970.28.4.415
https://doi.org/10.1007/s13167-021-00262-1

	Assessment of heart rate variability and infrared thermography in response to exercise-induced muscle damage
	Abstract
	Objective 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Participants
	Inclusion and exclusion criteria
	Study design
	Body composition assessment
	Plyometric exercise
	Rating perceived fatigue
	Delayed-onset muscle soreness
	Infrared thermography evaluations
	Environmental variables
	Heart rate variability
	Data and statistical analyses

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


