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Abstract
Purpose Endurance exercise may cause transient alterations in cardiac tissue. The number of studies evaluating the relation-
ship between changes in heart rate variability (HRV) and cardiac biomarkers following an endurance event is limited. We 
hypothesized that there would be a time-dependent correlation between biomarkers of cardiac damage and the reduction in 
parasympathetic indices of HRV within 24 h after 60 min of running in middle-aged recreational runners.
Methods The trained, middle-aged runners who participated in this study ran 60 min at a half-marathon pace on a treadmill. 
Blood samples (before and 0, 4, and 24 h after the running test) and HRV data (before and 0, 1, 4, and 24 h after the running 
test) were obtained.
Results After running, cardiac biomarkers (total creatine kinase, cardiac isoform of creatine kinase, creatine kinase-index 
[CK-Index], cardiac troponin [cTnI]) increased significantly, and HRV measures related to parasympathetic nervous system 
activity decreased significantly; these measures returned to baseline levels within 24 h. Finally, there were significant cor-
relations (all p < 0.05) between the change (4 h post-running vs. pre-running) in the CK-Index and the changes (post- vs 
pre-running) in time-domain and nonlinear measures of HRV (r − 0.61 to − 0.67). In addition, significant correlations (all 
p < 0.05) were found between the area under the cTnI curve and change (1-h post- and pre-running) in time-domain and 
nonlinear measures of HRV (r − 0.48 to − 0.51).
Conclusions The correlation between HRV and cardiac biomarkers indicates that HRV analysis may be an alternative 
approach to determine the magnitude of cardiac stress after endurance exercises.
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Introduction

Endurance running has become one of the most popular lei-
sure sports activities in recent years. Every year, millions of 
people compete in races over different distances, from 5 km 
to ultramarathon length. For many people, the desire for a 
healthy life is an important source of motivation for regular 
running. However, there is debate over the various possible 
risks that vigorous endurance running may pose to athletes’ 
cardiovascular system [1]. The incidence of sudden cardiac 

death in endurance events is 1:50,000, predominantly affect-
ing middle-aged men (aged 35–65 years), who generally 
constitute more than 40% of competitors in such events [2]. 
Even though many participants complete endurance events 
without any complaints, numerous investigators have shown 
transient echocardiographic, electrophysiological, and bio-
chemical alterations after endurance exercise [3].

Some reports have been published regarding an increase 
in the incidence of atrial fibrillation or arrhythmogenic 
right ventricular cardiomyopathy among endurance ath-
letes, together with alterations in cardiac biomarkers [4]. 
The cardiac isoform of creatine kinase (CK-MB) and cardiac 
troponin (cTn) are elevated after short- and long-distance 
exercise [5]. Moreover, the creatine kinase index (CK-Index; 
ratio of CK-MB to CK) may be used to estimate the relative 
contribution of cardiomyocyte damage versus nonspecific 
myocyte damage when elevated levels of CK and CK-MB 
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are present [6]. Even though the increase is usually thought 
to be physiologic rather than pathologic, exercise-induced 
elevations in cardiac troponin have been shown to correlate 
with transient right ventricular systolic and biventricular 
diastolic dysfunction [7, 8]. Moreover, Yeo et al. investi-
gated changes in peripheral blood biomarkers of myocardial 
injury with right and left ventricular strain in recreational 
runners completing a 21 km treadmill run. These investi-
gators observed reversible elevation of cardiac biomarkers 
of myocardial injury, which was thought to be associated 
with ventricular stunning [9]. Previous studies have shown 
that prolonged exercise increases cardiac biomarkers (CK, 
CK-MB, myoglobin, troponin, LDH, AST, and NT-proBNP) 
and postexercise transient myocardial dysfunction. Regular 
physical activity is a part of current recommendations for 
preventing cardiovascular diseases and cardiac rehabilita-
tion. However, endurance athletes over than 35 years of age 
may have myocardial fibrosis, elevated coronary artery cal-
cium scores, and a greater incidence of atrial fibrillation. In 
addition, high-volume, high-intensity training regimens may, 
at least in some individuals, create a substrate for adverse 
cardiovascular adaptations and the potential for exercise-
related acute cardiac events [10, 11]. Moreover, investiga-
tors emphasize that repetitive cardiac microtraumas during 
endurance activities, as indicated by troponin release, may 
cause long-term cardiac maladaptation [9].

Heart rate variability (HRV) analysis is a widely used, 
noninvasive, time-efficient, and cost-effective method for 
assessing cardiovascular autonomic nervous system function 
[12]. Within a few minutes to hours after exercise, cardiac 
parasympathetic activity decreases, and sympathetic nerve 
activity increases. This change in cardiac autonomic modu-
lation is due to reduced baroreceptor activity and accumula-
tion of stress metabolites in the blood and skeletal muscle 
[13]. The return of parasympathetic activity to baseline lev-
els is defined as cardiac parasympathetic reactivation and 
is affected by exercise intensity. Parasympathetic reactiva-
tion takes less than 24 h following low-intensity exercise, 
whereas it occurs within 24–48 h following exercises per-
formed at the gas exchange threshold. This duration may 
exceed 48 h after high-intensity exercises [13].

It is well known that exercise elicits substantial changes 
in HRV measures. However, the number of studies evaluat-
ing the relationship between changes in HRV and cardiac 
biomarkers following an endurance event is limited. Even 
though investigators described significant changes in car-
diac biomarkers following running events in all these stud-
ies, only a few of the post-race HRV measures showed sig-
nificant relationships with cardiac biomarkers [3, 14, 15]. 
Accordingly, it is difficult to say that a consistent relationship 
exists between HRV and cardiac biomarker changes after 
running. These studies' common feature is that the blood 
samples were taken from the participants only before and 

after the competition. This methodological approach may 
not be sufficient to evaluate changes that occur later after the 
completion of the endurance event. In a recent study, Huang 
et al. investigated the heart rate variability and cardiac tro-
ponin T (cTnT) kinetic responses to continuous high- and 
moderate-intensity exercise in young, sedentary, overweight/
obese women. These investigators found a significant tran-
sient reduction in parasympathetic activity and an eleva-
tion in cardiac troponin T following exercise. However, the 
changes in HRV and cTnT were not temporally associated 
[16]. In this study, we aimed to investigate a possible time-
dependent relationship between HRV measures and cardiac 
markers following 60 min of running on a treadmill at a half-
marathon pace in trained middle-aged athletes, who may be 
at risk for exercise-related cardiac events. We hypothesized 
that there might be a time-dependent correlation between 
biomarkers of cardiac damage and the reduction in parasym-
pathetic indices of HRV within 24 h after a 60-min bout of 
running in trained middle-aged athletes.

Methods

Participants

Eighteen middle-aged men who were trained long-distance 
runners participated in this study (age 46.8 ± 7.1 years; 
height 171.2 ± 5.7  cm; weight 73.3 ± 7.7  kg). The par-
ticipants were recreationally trained athletes ( V̇O

2max
 : 

47.6 ± 4.8 ml/min.kg; training history: 11.6 ± 9.0 years; 
weekly training distance: 72.2 ± 27.8 km) and were mem-
bers of a local athletic club. The study was explained to all 
participants in detail, and the participants signed informed 
consent forms. The study was performed in accordance 
with the Declaration of Helsinki, with the approval of the 
Çukurova University Faculty of Medicine Clinical Research 
Ethics Committee no. 2018/83. All tests were conducted at 
the Sports Physiology Research and Analysis Laboratory of 
the Physiology Department of Çukurova University Medical 
Faculty before noon at a constant temperature of 23 ± 1 °C.

Study design

The experimental protocol for the study is illustrated in 
Fig. 1. The participants visited the laboratory three times 
throughout the study. Physical examination, anthropometri-
cal measurements, and a maximal cardiopulmonary exercise 
test (CPET) were performed during their first visit. The par-
ticipants were asked to run for 60 min on a treadmill with a 
pace calculated from their CPET data on their second visit. 
Blood samples were collected before, immediately after, and 
4 and 24 h after the 60-min running test, whereas HRV data 
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were recorded before; immediately after; and 1, 4, and 24 h 
after the 60-min running task.

Physical examination and anthropometrical 
measurements

The participants had a general physical examination dur-
ing their first visit to the laboratory. They had pulmonary 
function tests (slow vital capacity, forced vital capacity, and 
maximum voluntary ventilation) (b2 Cosmed, Italy), and 
their blood pressure was measured with a sphygmomanom-
eter (ERKA, Germany). Resting 12-lead electrocardiogra-
phy (ECG) recordings were also performed (Quark T12x, 
COSMED, Italy).

Body mass and height were determined with a scale 
(accurate to 20 g) (Kurdaklar Baskül, Turkey) and a stadi-
ometer (accurate to 0.1 cm) (Sport Expert, Turkey), respec-
tively. Anthropometric measurements were performed before 
the exercise by the same person. The participants removed 
their shoes and excess clothing prior to measurements.

Maximal CPET and individual running 
pace calculation

A maximal CPET was performed with an indirect calo-
rimeter (PFT Cosmed, Italy) on a treadmill (HP Cosmos, 
Nussdorf–Traunstein, Germany). Volume and gas calibra-
tion of the system was performed using a 3-l calibration 
syringe and calibration gases (room air and a gas mixture 
composed of 16%  O2 and 5%  CO2), respectively. The heart 
rate was recorded continuously by telemetry using a heart 
rate monitor (Cosmed, Italy). The participants started the 
test at 6 km/h, and the speed increased by 1 km/h every min-
ute until exhaustion. The treadmill’s incline was kept con-
stant at 1% throughout the test. After the test, the data were 
collected, and individual gas exchange thresholds were cal-
culated using the V-slope method [17]. The test was termi-
nated if one or more of the following criteria were fulfilled: 
reaching up to 90% of the maximum heart rate according to 

the 220-age formula, formation of an oxygen uptake plateau 
(change less than 2 ml/kg body mass), or persistence of a 
non-protein respiratory quotient (npRQ) value of 1.15 or 
greater [18].

Sixty‑minute running test

The participants were asked to run on a treadmill (Life-
Fitness CLST, USA) with a pace determined from their 
maximal CPET in the 60-min running test. The partici-
pants’ running pace was determined as the running speed 
corresponding to the oxygen uptake value at the midpoint 
between the maximal oxygen uptake and the gas exchange 
threshold point. There was a strong correlation (r = 0.84, 
p < 0.000) between the participants’ last half-marathon 
average pace (12.8 ± 1.7 km/h) and the calculated test pace 
(12.6 ± 1.4 km/h). Before the test, the athletes started walk-
ing at 6 km/h and 1% incline on the treadmill, and they vol-
untarily increased the speed up to their running speed for 
warm-up. At the 6th minute, the treadmill stopped, and all 
athletes stretched for 2 min.

After the warm-up period, the participants started to run 
at the previously determined pace with a 1% incline. The 
exclusion criteria were termination of the test before the 
end of 60 min and lowering the pace below the gas exchange 
threshold; none of the participants were excluded from the 
study.

Experimental procedures

A professional nurse performed all the blood sampling. The 
samples were withdrawn from the antecubital vein (10 ml) 
directly into anticoagulant-containing (EDTA) and antico-
agulant-free vacutainer tubes (BD, US) for hemograms and 
blood biochemistry analysis, respectively. The tubes were 
inverted gently to mix the blood with the anticoagulant. 
The samples were kept cold in an insulated box throughout 
the blood collection period. When the blood sampling was 
complete, the samples were transported to the Çukurova 

Fig. 1  Experimental protocol of the study showing the timing of the measurements. The timeline is not drawn to scale. HRV stands for heart rate 
variability
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University Faculty of Medicine Balcalı Hospital, Central 
Laboratory, certified by the JCI (Joint Commission Interna-
tional). The analytical kits for CK, CK-MB, and cTnI were 
provided by Beckmann Coulter (Beckmann Coulter, USA). 
Total CK was measured in serum using a kinetic enzymatic 
method (Beckmann Coulter AU5800, USA). CK-MB and 
cTnI were measured using the chemiluminescence method 
(Beckmann Coulter DXI600, US and Beckmann Coulter 
DXI600, USA, respectively). CK-MB is divided by total CK 
to calculate CK-Index, which estimates the relative contribu-
tion of cardiomyocyte damage [6].

Heart rate variability measurement

Inter beat interval (IBI) measurements were performed 
with Actiheart monitors (CamNtech, UK) using two Ag/
AgCl pre-gelled electrodes (3 M Red Dot Electrodes, IL, 
USA) attached to the participants’ chest [19]. HRV meas-
urements were performed before; immediately after; and 1, 
4, and 24 h after the 60-min running test. The participants 
were instructed to sit comfortably and remain awake and 
calm with minimal body movement throughout the meas-
urements. The participants were allowed to breathe spon-
taneously without talking, since the normal respiratory rate 
may not result in significantly different heart rate-derived 
indices compared with controlled breathing [20]. The par-
ticipants were asked to refrain from exercise, alcohol, caf-
feine, or other stimulants at least 12 h before the testing days 
HRV was measured in the last 5 min of the 10-min period to 
ensure a stable data recording. At the end of the recording 
period, beat-to-beat HR was screened by visual inspection, 
converted to IBI, and exported in ASCII format for further 
analysis. IBI data were analyzed by Kubios HRV analysis 
software, version 3.2.0 (Biosignal Analysis and Medical 
Imaging Group—University of Kuopio, Finland). Ectopic 
beats and artifacts (< 3%) were automatically identified and 
corrected according to the manufacturer’s recommendations 
to generate normal-to-normal (NN) interval time series [21].

HRV analysis was performed by using time-domain, 
frequency-domain, and nonlinear measurements [22]. The 
time-domain indices included the standard deviation of all 
normal R-R intervals (SDNN), the root mean square differ-
ence of successive normal R-R intervals (RMSSD), mean 
heart rate (HR), and the percentage of successive R-R inter-
vals that differed by more than 50 ms (pNN50).

Fast Fourier transform analysis based on Welch’s peri-
odogram method was used for the frequency-domain calcu-
lations (window width: 300 s; window overlap: 50%; points 
in the frequency domain: 300 points/Hz). R-R intervals were 
examined as frequency-domain measures within the low-
frequency (LF: 0.04–0.15 Hz) and high-frequency bands 
(HF: 0.15–0.40 Hz). The frequency-domain indices were 
expressed as absolute  (ms2), normalized to total power (nu), 

and logarithm-transformed absolute (log  ms2). The sympa-
thovagal balance was quantified by the LF to HF (LF/HF) 
ratio.

The Poincaré plot was examined, and SD1 (the standard 
deviation of the Poincaré plot perpendicular to the identity 
line), SD2 (the standard deviation of the Poincaré plot along 
the line-of-identity), and SD1/SD2 ratio were calculated 
[22]. Additionally, the stress score (SS, a value directly pro-
portional to the sympathetic modulation over the sinus node, 
calculated as the inverse of the SD2 multiplied by 1000; 
SS = 1000/SD2) and sympathetic-parasympathetic ratio (S/
PS ratio, expressed as the ratio between SS and SD1) were 
calculated [23].

Time-domain measures (SDNN, RMSSD, and pNN50) 
are closely correlated with PNS activity and are used to 
evaluate vagal activity. In frequency domain measures, HF 
represents vagal modulation, whereas sympathetic and para-
sympathetic nervous system activities produce LF. LF/HF 
is accepted to reflect the sympathovagal balance [24]. In 
addition, Poincaré plot analysis is a nonlinear method that 
is the least common HRV analysis technique and reflects 
sympathetic–parasympathetic fluctuations. In the Poincaré 
plot, each IBI is plotted against its corresponding preced-
ing interval, showing a qualitative picture of the variations 
between IBIs. The points are scattered around the identity 
line, and all the points converge into an ellipse shape. SD1, 
which is the transversal axis (standard deviation of points 
perpendicular to the line of identity), is correlated with para-
sympathetic activity, whereas SD2, which is the longitudinal 
axis (the standard deviation of points parallel to the identity 
line), is considered representative of long-term variability 
in the normal beat intervals [23, 25]. SD1/SD2 is correlated 
with the LF/HF ratio, and SS and SS/PS are novel indices 
used to improve the physiological meaning of HRV by the 
Poincaré plot analysis method [23].

Statistical analysis

Statistical analysis was performed using Statistical Pack-
age for the Social Sciences (SPSS for Windows Version 
22.0, USA). The normality of values was assessed with 
the Shapiro–Wilk test. Repeated-measures ANOVA was 
performed to evaluate the differences in the mean values 
of the measured physiological parameters and HRV meas-
ures. The equality of variances between the data points was 
assessed with Mauchly’s test of sphericity. The results are 
presented as the mean ± SD. If the assumption of spheric-
ity was violated, the Greenhouse–Geisser correction was 
applied. If there were any significant differences in the 
test of within-subject effects, post hoc comparisons using 
Bonferroni's method were performed to determine pairwise 
differences. The Wilcoxon signed-rank test was conducted 
for the nonparametric data. Instead of absolute values, the 
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change in variables before and after the test was calculated 
as a percentage. In addition, the area under the curve for 
cTnI was calculated by integrating the cTnI plot from pre-
running to 24 h post-running. To quantify the relationship 
between CK-Index, cTnI, and HRV measures, Spearman’s 
correlation analysis was performed between percent change 
values rather than absolute values. Statistical significance 
was set at p < 0.05.

Results

All of the participants completed the 60-min running test. 
The participants started the test at their individually cal-
culated paces (12.6 ± 1.4 km/h) as described in the meth-
odology section. Seven of the 18 participants did not 
change their running speed during the test; ten participants 
decreased their running speed, whereas only one increased 
his pace. The average running speed of the participants was 
12.1 ± 1.4 km/h, and the distance covered was 12.0 ± 1.4 km.

The changes in the CK, CK-MB, CK-Index, and cTnI 
are shown in Table 1. The CK levels increased significantly 
following the 60 min of running at a half marathon pace. 
Although 22% of the participants (four of the 18 partici-
pants) had CK levels above the upper limit before the test, 
which is a clinical indicator of the occurrence of muscle 
microinjuries, the ratio increased to 61% immediately after 
and 4 h after running (11 of the 18 participants). The ratio 
continued to increase and at the 24th hour following the test 
reached 78% (14 of the 18 participants).

The mean CK-MB value before the test was 4.4 ± 3.1 ng/
ml and increased significantly following the end of the test 
(6.0 ± 4.2 ng/ml) (p < 0.001). While the number of people 
with a CK-MB value above the limit before the test was six 
(33%), the number of people above the limit immediately 
after, 4 h after and 24 h after the test increased to eight 

(44%), ten (56%) and 13 (72%), respectively (Table 1). In 
addition, the calculated CK-Index values 4 h after 60 min 
of running were significantly higher than the pre- and post-
running values (p < 0.05). The 4-h post-running cTnI levels 
were significantly higher than the pre-running (p < 0.01) and 
immediate post-running (p < 0.001) values. The cTnI value 
was still significantly higher than the pre-running value 24 h 
after the 60-min running test (Table 1).

Table 2 presents heart rate variability indices before; 
immediately after; and 1, 4, and 24 h after 60 min of run-
ning at a half-marathon pace. Since one person could not be 
recorded at the end of the run (post-running), 17 HRV values 
were used for statistical analysis.

In the time domain, the mean heart rate increased sig-
nificantly following the 60 min of running (p < 0.001) and 
stayed significantly higher than the pre-running values at 
1 h (p < 0.001) and 4 h post-running (p < 0.01). The SDNN, 
RMSSD, and pNN50 values measured after running were 
significantly lower than the pre-running values (p < 0.05 
for SDNN and p < 0.01 for RMSSD and pNN50). One hour 
and 4 h after running, these variables were still significantly 
lower than the pre-running values (p < 0.05 for SDNN and 
p < 0.01 for RMSSD and pNN50). At the 24th hour after 
running, the time domain measures were returned to pre-
running values.

In the frequency domain, post-running high frequency 
(HF), relative high frequency, and log-transformed high 
frequency (log-HF) decreased significantly (p < 0.05). In 
contrast, low frequency (LF), relative low frequency, and 
log-transformed low frequency (log-LF) and the LF/HF ratio 
increased (p < 0.01) significantly compared to pre-running. 
One-hour post-running (p < 0.001) and 4-h post-running 
(p < 0.05) values were also significantly different from pre-
running values. Similar to the time-domain measures, the 
frequency-domain measures took 24 h to return to the pre-
running values.

Table 1  Levels of biomarkers 
before, immediately after, 4 h 
after, and 24 h after running for 
60 min at a half-marathon pace

Data are presented as the mean ± SD (min–max). The values in parentheses in the first column refer to the 
upper cutoff levels of the biomarkers
a Represents a significant difference from pre-running
b Represents a significant difference from post-running
c Represents a significant difference from 4 h post-running
d Represents a significant difference from 24 h post-running

Before Immediately after 4 h after 24 h after

CK (IU/l)
(170 IU/l)

164.3 ± 100.0
(91–494)

226.4 ± 141.9a

(124–682)
281.2 ± 257.2a

(119–1188)
425.8 ± 623.5a,b,c

(102–2839)
CK-MB (ng/ml)
(4.9 ng/ml)

4.4 ± 3.1
(1.5–14.2)

6 ± 4.2a

(2.0–19.2)
7.9 ± 7.1a,b

(3.3–31.7)
10.5 ± 13.5a,b

(2.6–61.1)
CK-index (%)
(2.5%)

2.8 ± 1.4
(1.3–7.0)

2.8 ± 1.4
(1.3–6.9)

3.0 ± 1.3a,b

(1.2–7.0)
2.8 ± 1.3
(1.2–6.4)

cTnI (ng/l)
(40 ng/l)

5.0 ± 5.0
(1.2–19.6)

11.5 ± 10.9a

(2.4–43.9)
84.2 ± 133.6a,b,d

(7.0–539.9)
15.3 ± 14.1a

(2.6–45.7)
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In the nonlinear domain, after 60 min of running, the 
SD1 and SD2 indices decreased (p < 0.05), whereas the SD1/
SD2 ratio increased (p < 0.01) significantly compared to pre-
running. A statistically significant difference for the non-
linear-domain measures was also found at the 1st (p < 0.05 
for SD2; and p < 0.01 for SD1 and SD1/SD2) and 4th hours 
after (p < 0.05 for SD1 and SD1/SD2; and p < 0.01 for SD1) 
the 60 min of running, and these measures took 24 h to 
return to their pre-running values.

The changes in the stress score and the sympathetic/para-
sympathetic ratio are given in Fig. 2A, B, respectively. The 
parameters showed a similar pattern following the 60 min 
of running, with a significant increase immediately after 
the run and a gradual decrease after that point. The stress 
scores calculated immediately post-running (39.2 ± 18.7), 
1-h post-running (31.6 ± 11.1), and 4-h post-running 
(30.0 ± 12.0) were significantly higher than the pre-running 
(22.7 ± 9.0) (p < 0.05) and 24-h post-running (23.2 ± 11.2) 
scores (p < 0.05).

The sympathetic/parasympathetic ratio calculated 
after running (7.1 ± 7.3) was significantly higher than the 
pre-running (1.4 ± 1.3) (p < 0.01) and 24-h post-running 
(1.4 ± 1.3) (p < 0.01) values. The calculated ratios at 1 h 

post-running (3.6 ± 2.8) and 4 h post-running (3.2 ± 2.9) 
were also significantly higher than the pre-running 
(p < 0.01) and 24-h post-running values (p < 0.01).

The correlation between relative changes in HRV meas-
ures and changes in the CK-Index after the running task is 
given in Table 3. The CK-Index value was used because it 
had more correlations than CK, CK-MB, or cTnI.

The relationship between the changes in the stress score 
(post- and pre-running) and CK-Index (4 h post-running 
and pre-running) is given in Fig. 3A. There was a sig-
nificant and moderate positive correlation between the 
changes in the stress score and the CK-Index. The rela-
tionship between the changes in the sympathetic/parasym-
pathetic ratio (post- and pre-running) and CK-Index (4 h 
post-running and pre-running) is given in Fig. 3B. There 
was a significant, moderately strong positive correlation 
between the sympathetic/parasympathetic ratio changes 
and the CK-Index.

The correlation coefficients between relative changes 
in HRV measures (1-h post-running and pre-running) and 
the area under the cTnI curve, calculated by integrating the 
cTnI plot ranging from pre-running to 24 h post-running, 
are given in Table 4.

Table 2  Changes in HRV measures following 60 min of running at a half-marathon pace

Values are the mean ± SD. SDNN the standard deviation of all normal R-R intervals, RMSSD the root mean square difference of successive nor-
mal R-R intervals, pNN50 the percentage of successive R-R intervals that differ by more than 50 ms
LF low frequency, HF high frequency, SD1 the standard deviation of Poincaré plot perpendicular to the line-of-identity, SD2 the standard devia-
tion of the Poincaré plot along the identity line, SS stress score, S/PS sympathetic-parasympathetic ratio
a Represents a significant difference from pre-running
b Represents a significant difference from post-running
c Represents a significant difference from 1 h post-running
d Represents a significant difference from 4 h post-running

Before Immediately after 1 h after 4 h after 24 h after

Time-domain measures
 Mean HR (bpm) 64.7 ± 10.5 91.2 ± 10.9a 78.8 ± 11.1a,b 73.7 ± 11.4a,b 62.1 ± 8.0b,c,d

 SDNN (ms) 39.2 ± 14.0 25.7 ± 16.2a 27.9 ± 13.8a 30.8 ± 15.6a 41.7 ± 21.2b,c,d

 RMSSD (ms) 32.0 ± 14.6 17.7 ± 18.4a 17.6 ± 8.9a 21.3 ± 11.7a,c 34.1 ± 20.2b,c,d

 pNNx (%) 10.2 ± 9.6 4.7 ± 12.4a 2.1 ± 3.4a 4.3 ± 6.5a,c 12.4 ± 15.5b,c,d

Frequency-domain measures
 LF  (ms2) 1020.8 ± 679.0 705.1 ± 1059.2 851.0 ± 1036.5 940.8 ± 1142.3 1354.5 ± 1494.5b,d

 HF  (ms2) 398.2 ± 601.8 117.5 ± 174.1a 107.4 ± 109.1a 129.7 ± 147.8a 373.5 ± 532.3b,c,d

 LF (nu) 76.2 ± 15.2 85.3 ± 18.6a 85.4 ± 12.9a 86.0 ± 15.4a 79.0 ± 9.7b,c,d

 HF (nu) 23.8 ± 15.2 14.7 ± 18.5a 14.5 ± 12.9a 14.0 ± 15.3a 20.9 ± 9.6b,c,d

 Log LF  (ms2) 6.5 ± 0.9 5.8 ± 1.2 6.2 ± 1.0 6.4 ± 0.9 6.7 ± 1.0b,c,d

 Log HF  (ms2) 5.4 ± 1.1 3.7 ± 1.6a 4.2 ± 1.1a 4.3 ± 1.2a 5.3 ± 1.1c,d

LF/HF ratio 5.0 ± 4.4 11.3 ± 6.4a 10.6 ± 7.8a 11.4 ± 8.9a 4.8 ± 2.6b,c,d

Nonlinear measures
 SD1 (ms) 22.7 ± 10.4 12.5 ± 13.0a 12.4 ± 6.3a 15.1 ± 8.3a,c 24.1 ± 14.3b,c,d

 SD2 (ms) 50.3 ± 17.6 33.2 ± 20.5a 37.3 ± 18.9a 40.5 ± 21.2a 53.5 ± 26.6b,c,d

 SD2/SD1 2.4 ± 0.6 3.5 ± 1.1a 3.3 ± 1.0a 3.0 ± 0.9a,b 2.3 ± 0.5b,c,d
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Discussion

This study evaluated the relationship between cardiac bio-
chemical markers and HRV measures following 60 min of 
running at a half-marathon pace in trained middle-aged 
athletes. The main findings of the study are as follows: (a) 
HRV measures showed a significant decrease in cardiac 

parasympathetic activity following running compared to 
pre-running, and this reduction gradually increased to pre-
running values in 24 h after the 60-min running task; (b) 
cardiac markers showed a significant elevation after 60 min 
of running and remained elevated up to 24 h; and (c) signifi-
cant correlations were found between changes in HRV and 
cardiac biomarkers after 60 min of running, and there was a 

Fig. 2  A Changes in stress 
score ratios before, immediately 
after, 1 h after, 4 h after, and 
24 h after 60 min of running at 
a half-marathon pace. Values 
are the mean ± SD. * represents 
a significant difference from 
pre-running, and # represents 
a significant difference from 
24 h post-running. B Changes 
in sympathetic/parasympathetic 
ratios before, immediately after, 
1 h after, 4 h after, and 24 h 
after 60 min of running at a 
half-marathon pace. Values are 
the mean ± SD. * represents 
a significant difference from 
pre-running. & represents a 
significant difference from 1 h 
post-running, and # represents a 
significant difference from 24 h 
post-running
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significant and moderate correlation between the changes in 
the HRV measures and the changes in the CK-Index. In addi-
tion, changes in the HRV measures are were correlated with 
total cTnI accumulation. The strong association of cardiac 
autonomic modulation changes with the CK-Index and the 
area under the cTnI curve is a novel observation.

Changes in heart rate variability measures

In our study, there was an apparent increase in sympa-
thetic modulation and vagal withdrawal effect just after 
termination of 60 min of running. It took approximately 
24 h to return to the resting levels; this value is consistent 
with previously published data [26–28]. The time-domain 
measures (RMSSD, SDNN, and pNN50) reflect an appar-
ent parasympathetic withdrawal following running [22]. In 
addition, sympathovagal balance-related frequency-domain 
measures (LF/HF) and indices of nonlinear HRV measures 
(SD1, SD2, SS index, and S:PS ratio) showed that 60 min 
of running elevated sympathetic modulation [23, 29]. The 
changes in cardiac autonomic regulation are explained by 
the changes in systemic baroreflex and skeletal muscle 
metaboreflex responses together with the exercise-induced 
release of epinephrine into the systemic circulation, which 
may be prolonged up to 24–72 h [13]. Thus, a 60-min bout 
of running at a half-marathon pace was sufficient to induce 
vagal withdrawal.

Changes in cardiac markers

Plasma CK-MB elevation is one of the indicators of myo-
cardial injury, and various investigators detected significant 
CK and CK-MB elevations after completing half-marathons 
[30], marathons [30–32], and ultramarathons [33, 34]. In our 
study, CK and CK-MB levels increased following 60 min of 
running, and even after 24 h, the values were still above the 
upper reference limit (URL), indicating possible cardiomyo-
cyte damage[35, 36].

It was interesting to find significant correlations between 
changes in HRV and the CK-Index. This relationship sug-
gests that a post-running reduction in parasympathetic activ-
ity may indicate a cardiovascular strain that might manifest 
with a significant increase in the CK-Index at the 4th hour 
after running. Since Weippert et al. mentioned that an eleva-
tion of this biomarker reflects a physiological rather than a 
pathological phenomenon in healthy exercising subjects, our 
findings may suggest that the possibility of cardiovascular 
strain should not be ignored [35–37]. It is also important 
to remember that elevation of cardiac biomarkers may not 
reflect an adverse cardiovascular event, and reduced cardiac 
parasympathetic modulation may require further evaluation 
for diagnosis.

Cardiac troponins are the preferred biomarkers for evalu-
ating myocardial injury, defined as being present when blood 
levels of cTn increase above the 99th percentile URL [38]. 
It has been shown previously that serum cTnI and cTnT 
increase after prolonged and strenuous exercise [30, 39–41]. 
In our study, approximately 40% of the participants’ cTnI 
levels were above the URL (seven of the 18 participants) 
at the 4th hour post-running. As suggested by Engel et al. 
adding the CK-MB relative index (CK-Index) to troponin T 
increased the diagnostic sensitivity for detecting myocardial 
damage [42]. With this in mind, if our data are evaluated 
by the same criterion, 33% of the participants might have a 
transient myocardial injury, which may be a serious finding.

HRV and cardiac biomarker correlation

Although autonomic recovery after exercise is a hot topic 
[13, 29, 43], there have been few studies aiming to evalu-
ate the relationship between changes in HRV and cardiac 
biomarkers following endurance events [3, 14, 15]. Evalu-
ation of the cardiovascular consequences following a 160-
km ultramarathon was investigated by Scott et al. In con-
trast to our data, cTnT levels did not change significantly, 
which may be related to the exercise intensity. In addition, 
the authors found little evidence of an association between 
changes in cTnT and HRV [14]. However, a 118-km moun-
tain race increased high-sensitivity cTnT and decreased 
sample entropy, which measures the regularity and com-
plexity of a time series. The magnitude of cardiac damage 
biomarkers increases, and cardiac autonomic modulation 
disturbance appears to be interrelated [15]. On the other 
hand, cardiac troponins reach their peak level approximately 
3–6 h after the endurance event. Therefore, a single cTnT 
measurement immediately after the race may not reflect peak 
concentrations and may not be enough to predict a possible 
relationship between cardiac-specific biomarkers and HRV 
measures.

In our study, the significant time-dependent correlations 
between changes in HRV and CK-Index following 60 min 

Table 3  Correlation coefficients (95% CIs) between CK-Index 
changes and changes in HRV measures

1HR and 4HR represent 1  h post-running and 4  h post-running, 
respectively
* and ** represent p < 0.05 and p < 0.01, respectively

∆ HRV (Post–pre) vs. ∆ 
CK-index (4HR-pre)

∆ HRV (1HR-pre) vs. ∆ 
CK-index (4HR-pre)

SDNN (ms) − 0.62* (− 0.81, − 0.21) − 0.59* (− 0.84, − 0.12)
RMSSD (ms) − 0.63** (− 0.83, − 0.25) − 0.56* (− 0.85, − 0.13)
pNN50 (%) − 0.67** (− 0.87, − 0.29) − 0.30 (− 0.73, 0.20)
SD1 (ms) − 0.65** (− 0.83, − 0.29) − 0.60** − 0.88, − 0.18)
SD2 (ms) − 0.61** (− 0.80, − 0.25) − 0.61** (− 0.84, − 0.20)
SD1/SD2 0.14 (− 0.43, 0.64) − 0.16 (− 0.63, 0.37)
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of running were novel findings (Table 3). On the other hand, 
the significant correlations between changes in HRV and 
area under the cTnI curve (accumulation of cTnI) rather 
than relative changes in the cTnI concentrations is another 

important finding that may indicate possible myocardial 
injury [44]. The robust relationship between the area under 
the cTnI curve and changes in post-running HRV (time and 
nonlinear domains) indicates that individuals with greater 

Fig. 3  A Relationship between 
the changes in the stress score 
(SS) ratio (post- and pre-
running) and the CK-Index (4 h 
post-running and pre-running). 
The solid line indicates the 
estimated association, and the 
dotted lines represent the point-
wise 95% confidence interval. 
B Relationship between the 
changes in the sympathetic/
parasympathetic (SS/PS) ratio 
(post- and pre-running) and the 
changes in the CK-Index (4 h 
post-running and pre-running). 
The solid line indicates the esti-
mated association, and the dot-
ted lines represent the pointwise 
95% confidence interval
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autonomic alterations show higher cardiovascular strain fol-
lowing endurance running.

In the literature, various investigators have shown that the 
intensity/duration of exercise is correlated with an increase 
in cardiac markers and a change in cardiac autonomic modu-
lation [13, 27, 30]. The exercise-induced elevation in cardiac 
troponins may be explained by the increase in membrane 
permeability of cardiac myocytes, which might be due to 
increased mechanical stress, overload with free radicals, 
increased body temperature, or prolonged acidosis [4]. In 
addition, Stanley et al. reported in a review that a reduction 
in postexercise parasympathetic activity correlates signifi-
cantly with postexercise plasma epinephrine levels, blood 
lactate concentrations, blood acidosis, and arterial oxygena-
tion [13]. Therefore, postexercise cardiac parasympathetic 
activity reduction may prolong the duration of cardiovascu-
lar strain, manifesting with the correlation between changes 
in HRV indices and cardiac biomarkers such as CK-Index 
and cTnI (Tables 3, 4).

Regular moderate-intensity exercise, without exposure to 
the level of cardiovascular strain, is suggested and prescribed 
for wellness and cardiovascular health in the general popula-
tion. On the other hand, endurance athletes' training intensity 
and duration are much higher than recommended for benefi-
cial effects; thus, exercise may be a double-edged sword for 
these individuals. Even if there are no typical cardiovascular 
symptoms, prolonged reductions in parasympathetic indices 
may indicate transient cardiac injury in endurance athletes. It 
is important to remember that repetitive cardiac microtrau-
mas during endurance activities, as indicated by troponin 
release, might cause long-term cardiac maladaptation. We 
recommend that long-distance runners be cautious following 
intense training and races. The athletes should reduce the 
intensity of their training program and consult a professional 
for further examination in case of a reduction in parasym-
pathetic measures in HRV. The results of our study indicate 
that evaluating post-race HRV changes might be a valuable 
noninvasive tool for detecting cardiovascular strain individu-
ally, serving as an alternative to blood sampling, which may 

be impractical, especially for marathons and other events 
with large numbers of participants. Therefore, noninvasive, 
time-efficient, and cost-effective HRV analysis may be a 
viable alternative method to inform athletes about the mag-
nitude of cardiac stress to which they have been exposed.

Limitations

This study showed a significant relationship between 
changes in HRV and cardiac biomarkers following 60 min 
of running at a half-marathon pace. Even though there is a 
positive relationship between cardiac autonomic indices and 
cardiac biomarkers, increasing the number of participants 
may strengthen this correlation. There are reports of gender 
differences in HRV responses. In this study, we investigated 
the changes in HRV and cardiac biomarkers following a 
race-pace exercise in male participants. There were only two 
regularly trained women who volunteered to participate in 
this study. Thus, we selected only male participants due to 
the impracticality of achieving a balanced gender distribu-
tion. However, it may be important to investigate female 
athletes' HRV and cardiac biomarker responses to race-pace 
exercises. In addition, we chose an indoor activity that would 
mimic an endurance event; however, the participants were 
not affected by the environmental stress conditions they 
would typically encounter outdoors. It is well known that 
environmental stress may affect the physiological responses 
of athletes during exercise. Further evaluation of the changes 
in cardiac biomarkers and HRV during outdoor events may 
provide more information about the athletes’ exposure to 
cardiovascular strain.

Conclusions

Sixty minutes of running at a half-marathon pace is suf-
ficient to increase cardiac parasympathetic modulation and 
increase cardiac stress biomarkers. After running-induced 
parasympathetic withdrawal, parasympathetic modulation 

Table 4  Correlation coefficients 
(95% CI) between changes in 
HRV measures and the area 
under the cTnI curve (AUC 
cTnI)

AUC cTnI covers the time between pre-running and 24 h post-running. 1HR represents 1 h post-running
* Represents p < 0.05

∆ HRV (Post–pre) vs. AUC cTnI ∆ HRV (1HR-pre) vs. AUC cTnI

SDNN (ms) − 0.24 (− 0.69, 0.34) − 0.51* (− 0.80, − 0.09)
RMSSD (ms) − 0.35 (− 0.70, 0.15) − 0.50* (− 0.82, − 0.02)
pNN50 (%) − 0.18 (− 0.65, 0.39) − 0.50* (-0.83, − 0.07)
SD1 (ms) − 0.35 (− 0.70, 0.15) − 0.50* (-0.82, − 0.02)
SD2 (ms) − 0.27 (− 0.73, 0.31) − 0.48 − 0.78, − 0.05)
SD1/SD2 0.14 (− 0.49, 0.62) − 0.01 (− 0.48, 0.47)
SS 0.26 (− 0.32, 0.73) 0.50* (0.10, 0.78)
S/PS 0.27 (− 0.24, 0.67) 0.54* (0.11, 0.84)
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took approximately 24 h to return to baseline levels; how-
ever, cardiac biomarkers were still above the pre-running 
values at this time. Moreover, the changes in HRV measures 
following 60 min of running correlate with the changes in 
the CK-Index and total cTnI accumulation. However, fre-
quent blood sampling to detect possible cardiovascular strain 
is not practical, especially after a race. Therefore, noninva-
sive, time-efficient, and cost-effective HRV analysis may be 
an alternative approach to inform athletes about the mag-
nitude of cardiac stress to which they have been exposed.
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