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Abstract

The current study analyzes the suitability and reliability of se-
lected neurophysiological and vegetative nervous system markers
as biomarkers for exercise and recovery in endurance sport. Sixty-
two healthy men and women, endurance trained and moderately
trained, performed two identical acute endurance tests (running
trial 1 and running trial 2) followed by a washout period of four
weeks. Exercise protocol consisted of an acute running trial last-
ing 60 minutes. An intensity corresponding to 95% of the heart
rate at individual anaerobic threshold for 40 minutes was fol-
lowed by 20 minutes at 110%. At pre-exercise, post-exercise,
three hours post-exercise and 24 hours post-exercise, experi-
mental diagnostics on Brain-derived neurotrophic factor (BDNF),
heart rate variability (HRV), Stroop Color and Word Test
(SCWT), and Short-Form McGill Pain Questionnaire (SF-MPQ)
were performed. Significant changes over time were found for all
parameters (p < .05). Furthermore, there was an approached sta-
tistical significance in the interaction between gender and training
status in BDNF regulation (F3)= 2.43; p = 0.06), while gender
differences were found only for LF/HF-ratio (3hPoEx, F3)= 3.40;
p = 0.002). Regarding the reliability, poor ICC-values (< 0.5)
were found for BDNF, Stroop sensitivity and pNN50, while all
other parameters showed moderate ICC-values (0.5 - 0.75).
Plasma-BDNF, SCWT performance, pain perception and all
HRYV parameters are suitable exercise-sensitive markers after an
acute endurance exercise. Moreover, pain perception, SCWT re-
action time and all HRV parameters show a moderate reliability,
others rather poor. In summary, a selected neurophysiological and
vegetative marker panel can be used to determine exercise load
and recovery in endurance sports, but its repeatability is limited
due to its vaguely reliability.
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Introduction

The controlled monitoring of exercise and recovery cycles
is fundamental in elite sports. A more precise diagnosis of
how much exercise stress the athlete experiences and the
recovery status using reliable parameters would help to bet-
ter coordinate training loads. Moreover, individualized ex-
ercise loads, and the differentiated recovery management
could be prescribed more precisely (Lee et al., 2017).
Currently, coaches, trainers, and athletes use many
different diagnostic tools (Costache et al., 2021). Several
blood-based markers, functional tests, and questionnaires
are used despite having weaknesses and inaccuracies.
Many of these tests are inaccurate, highly subjective, based

on limited or non-validated markers. Some diagnostic tools
are simply too complex or expensive. Therefore, there is a
great need for subsidiary methods that have satisfactory re-
liability in addition to valid exercise sensitivity. Further-
more, diagnostics that can be combined and reflect a part
of the whole physiological system quantitatively, are
needed (Hacker et al., 2021; Reichel et al., 2020). While it
is known that there are subjective and objective parameters
that can be combined in response to an exercise stimulus,
it is not known whether the parameters respond in a same
way at different times under standardized conditions. For
this purpose, reliability testing is of particular importance.
To find new tools or markers that allow a more accurate
diagnosis of exercise and recovery cycles, it is certainly ad-
visable to look at the physiological systems that show a
sensitive response. Exercise is accompanied by changes in
neurophysiological and vegetative function, such as brain
health, improved cognition, and increased resistance to
brain injury (Griesbach et al., 2004; Martinez-Diaz and
Carrasco, 2021). An acute bout of exercise induces numer-
ous neurophysiological processes depending on intensity
and duration, local and central fatigue processes
(Proschinger and Freese, 2019). A blood-based marker that
has been studied repeatedly in the context of acute or
chronic exercise tests is brain-derived neurotrophic factor
(BDNF). BDNF is a neurotrophin, that is released into the
blood by both the central nervous system (CNS) and mus-
culature in response to exercise stress (Pedersen et al.,
2009). Accordingly, there is an intensity-dependent in-
crease during exercise, which is gradually regulated back
to the baseline during the recovery phase (Reed et al., 2021;
Winter et al., 2007).

Another method to analyse vegetative and recovery
states represents the analysis of heart rate variability
(HRV) (Du et al., 2005; Figueira et al., 2021). HRV is the
fluctuation of beat-to-beat intervals, also known as R-R in-
tervals in a defined period of time. During acute exercise
and the subsequent recovery states, the duration of the R-R
intervals changes due to an altered interplay between the
sympathetic and parasympathetic nervous systems.
Thereby, HRYV initially decreases during physical exertion
and gradually increases during the recovery period after an
initial reduction (Gifford et al., 2018; Parekh and Lee,
2005). It is assumed that the vegetative state of exhaustion
is reflected by HRV. A qualitative analysis of HRV is per-
formed via the temporal representation of the R-R intervals
in the form of tachograms. Thereby, numerous parameters
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of HRV can be derived. HRV is also a suitable physiolog-
ical marker because measurement is non-invasive and
available measurement devices are appropriate (Perini and
Veicsteinas, 2003).

To include the executive functions into a test bat-
tery, the Stroop Color and Word Test (SCWT) is often
used. Effects of acute exercise and training have already
been shown for this test of selective attention (Alves et al.,
2012). The Stroop effect can also be carried out relatively
quickly and effortless, so that it is a potential tool for mon-
itoring exercise and recovery cycles (Harveson et al.,
2016). Finally, neurophysiological analyses often take
place in connection with a subjective perception of pain.
From a set of instruments, the Short-Form McGill Pain
Questionnaire (SF-MPQ) is suitable for this purpose. Pre-
vious studies showed that the SF-MPQ reflects neurophys-
iological and muscular limitations during exercise, e.g.
muscular pain and muscle damage (Kriiger et al., 2015).

The present study used an innovative and explora-
tive design to investigate the suitability and especially the
reliability of selective parameters to analyze exercise and
recovery cycles in endurance sports. Changes in neuro-
physiological, vegetative, or executive functions were ex-
amined, and differences between the sexes as well as the
influence of training status was investigated. Briefly, the
suitability of the markers are defined by exercise-sensitiv-
ity and reliability as a variable for an agreement of two re-
petitive measurements under standardized conditions
(Pedlar et al., 2019; Reichel et al., 2020). For this purpose,
moderately trained and trained participants of both sexes
performed two almost identical endurance tests under
highly controlled, almost identical conditions, four weeks
apart. All markers were recorded at different times before
and after the tests.

Methods

Participants

The study population is the same as published in a previous
study and is therefore described briefly (Reichel et al.,
2020). 62 participants (31 women and 31 men, age 19 - 43
years) were classified as either endurance trained (T) (n =
37) or moderately trained (MT) (n = 25) participants ac-
cording to American College of Sports Medicine (ACSM)
guidelines (Riebe et al., 2018). There were 25 trained and
6 moderately trained women and 12 trained and 19 moder-
ately trained men. The T-group consisted mainly of run-
ners, strength athletes and semi-professional team athletes
such as soccer, handball, and volleyball players. All other
subjects were defined as either recreationally active or ra-
ther athletically inactive. Anthropometric data were pub-
lished previously (Reichel et al., 2020). Briefly, inclusion
criteria were non-smoking, free of cardiovascular, meta-
bolic or musculoskeletal diseases as well as free of acute
infections, musculoskeletal injuries, and symptomatic res-
piratory deficits. The good health status was confirmed by
a medical history questionnaire, a pulmonary function test
(spirometry), an orthopedic and internal medical examina-
tion, an electrocardiogram (ECG), and blood pressure
measurement. All participants signed a declaration of con-
sent before participation. The research protocol complied

with the principles of the Declaration of Helsinki, was ap-
proved by the local ethic committee of the Justus Liebig
University Giessen (Germany) (Application number:
2017-0010), and fulfilled the international ethical stand-
ards (Harriss and Atkinson, 2015).

Study design
After recruitment, participants were tested for their endur-
ance capacity via a continuous progressive exercise field
test accompanied by lactate diagnostics and heart rate
measurement.

The heart rate at the individual anaerobic threshold
(IAT) was used to calculate the running speed at the two
identical running trials (RTs). Thereby, the running pace
was designed to implicate an individual physiological, veg-
etative and executive fatigue. Details of the test-retest de-
sign can be found at Reichel et al. (2020). Briefly, both RTs
consisted of a 60-minute running field test: 40-minutes at
an intensity corresponding to 95% of the heart rate at IAT,
followed by a maximum of 20-minutes at 110% of the IAT.
The RTs were interrupted by a four-week washout period.

The RTs took place one week after the lactate field
test, specific requirement had to be met to guarantee a high
controlled standardization that would ensure identical con-
ditions:

(1) Documentation of nutrition three days before the first
RT. The protocol was replicated as a guideline for the
food intake prior to the second RT.

(2) It was not permitted to consume alcohol the day prior
to the RT.

(3) The participants were not allowed to carry out high-in-
tensity exercise four days prior the RTs.

(4) The participants were instructed not to change their
lifestyle with regard to physical activity and dietary be-
havior during the study period. In order to detect devi-
ations of their lifestyle between the testing days, partic-
ipants had to fill out a questionnaire on lifestyle behav-
iour before each RT. Women completed a question-
naire on menstrual cycle.

Experimental diagnostics

Pre-exercise (PrEx), post-exercise (PoEx), three hours
post-exercise (3hPoEx) and 24 hours post-exercise
(24hPoEXx) a test battery of experimental diagnostics was
applied.

Blood analysis

For determination of BDNF, venous blood samples were
collected from the arm vein with anticoagulated EDTA
vacutainers. Subsequently samples were centrifuged at
2,500 x g for 10 min at 4°C to separate the blood into
plasma and cellular fractions. The plasma samples were al-
iquoted and stored at -80°C. Finally, BDNF was analyzed
by high-sensitivity enzyme-linked immunosorbent assay
(ELISA) (Quantikine ELISA Kits: R&D Systems, analyti-
cal sensitivity: 20 pg/mL, detection range: 62.5-4,000
pg/mL; CV (%): 7,6; MVZ, Koblenz, Germany). The
methodological analysis of other blood-based markers
such as IL-1ra, IL-6 and IL-8, which were used for associ-
ation purposes in this study, can be found in the study by
Reichel et al. (2020).
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Pain questionnaire

The McGill Pain Questionnaire (MPQ) is a widely used in-
ternational questionnaire for assessing the quality and in-
tensity of pain, originally developed by Melzack (1975)
(Melzack, 1975). The German short form (SF) of this ques-
tionnaire, based on Radvila et al. (1987), focuses on the
sensory (11 descriptors) and affective (4 descriptors) di-
mensions of pain perception (Radvila et al., 1987). A 3-
value Likert-scale (0 = no pain is felt; 3 = strongly pain is
felt) was used as a rating scheme. Furthermore, a rating of
0-100 millimeters on a visual analog scale (VAS) for mo-
mentary pain intensity, as well as a 5-value Likert scale (0
= no pain; 5 = excruciating) for overall pain experience,
were used to quantify perceived pain. Achieving higher
scores of all assessment parts represented a higher total
score of pain.

Assessment of executive function

The SCWT is the most common neuropsychological pro-
cedure for assessing response inhibition (Chu et al., 2015;
Scarpina and Tagini, 2017). The test involves the interfer-
ence of words and colors. Participants had to determine the
colors of words that appear on a computer screen whilst
measuring their reaction time to a mouse clicks. It seems to
be an automated task to determine the color of the word,
but at the same time to prevent the judgement about
right/wrong from changing by reading the word of the
color seems to be more automated. The difficulty in inhib-
iting the more automated process is described by the Stroop
effect (Scarpina and Tagini, 2017; Stroop, 1935). Here, the
colored font is either congruent (,,matched correct®) or in-
congruent (,,nonmatched correct®) with the word. As pro-
posed by Scarpina and Tagini (2017) the scoring method
takes into consideration the speed (milliseconds) and accu-
racy (sensitivity index, dee prime (d”), according to Stani-
slaw and Todorov (1999)) of the participant’s response
(Stanislaw and Todorov, 1999). Regarding the interpreta-
tion of d‘, a value of d° = 0 indicates that the participant
was not able to inhibit cognitive interference (0%-hit-rate /
100%-false-alarm-rate). A value of d’=1 corresponds to
perfect performance regarding the distinction of the stimuli
between match and non-match (100%-hit-rate / 0%-false-
alarm-rate) (Stanislaw and Todorov, 1999). When evaluat-
ing the speed of the subject’s response, the average of the
reaction time for the conditions ,,matched correct®, and
,,nhonmatched correct” was considered.

Assessment of vegetative function
HRYV was measured within a 12-minutes orthostatic stress
test with spontaneous breathing in a quiet environment. To
create standardized conditions and avoid influences of
background sounds, each subject additionally got a pair of
earplugs. Furthermore, participants should sit in an upright
relaxed position and were asked to avoid any kind of move-
ment. Each subject was provided with a wrist heart rate
monitor (Polar RS800CX) and a compatible chest strap
with a heart rate sensor (H3). The analysis was performed
using the Polar Pro Trainer 5™ 5.40.170 software. R-R in-
terval data were collected and converted to a computer for
further analysis.

The selection of HRV parameters was based on sci-
entific evidence-based exercise studies (Bellenger et al.,

2016; da Silva et al., 2014). The outcomes were presented
in a time domain plotting the R-R intervals in milliseconds
(ms) against time (Borresen and Lambert, 2008). Time-do-
main parameters in this study were: Average R-R interval
(ARR), square root of the mean of the sum of the squares
of differences between adjacent normal R-R intervals
(RMSSD), percentage of adjacent R-R intervals that differ
from each other by more than 50 milliseconds (pNN50),
standard deviation of instantaneous beat-to-beat R-R inter-
val variability measured from Poincaré plots (SD1), and
standard deviation of long-term beat-to-beat R-R interval
variability measured from Poincaré plots (SD2) (Buchheit,
2014). The results of HRV measures were also presented
in the frequency domain, namely the frequency of R-R in-
terval changes. Frequencies in the range of 0.00 to 0.40 Hz
were categorized into three groups: High frequency oscil-
lations (HF) (0.15 to 0.40 Hz), low frequency oscillations
(LF) (0.04-0.15), very low frequency oscillations (VLF)
(0.003-0.04), and the ratio of HF and LF (HF/LF-ratio)
(Buchheit, 2014).

Statistical analyses

Statistical analyses were conducted using SPSS version 25
(IBM® SPSS Statistics 25, IBM GmbH, Munich, Germany)
and JASP (Version 0.14.1, JASP Team, Amsterdam, The
Netherlands). Descriptive data represents mean + standard
deviation (SD) for the study population. First, the data was
cleaned up and outliers were removed using z-transfor-
mation (z-score > 3 standard deviations) (Stocker and
Steinke, 2016). Normal, or log-normal distributed data, de-
termined by Kolmogorov-Smirnov-Test (KS-Test), were
analyzed by a multi-factorial analysis of variance with re-
peated measures (ANOVA). Heterogeneous data were ex-
amined for effects concerning RT, time of measurement,
training status, and the interactions of these variables. Tak-
ing into account sex, we separated the participants into
same-sex subgroups and evaluated these with ANOVA
analysis. For significant effects (p < .05), a Bonferroni
post-hoc test was added. Test-retest reliability between the
times of measurements of both RTs was estimated by in-
traclass correlation coefficient (ICC), based on a two-way
mixed-effects model, single measurement, and absolute
agreement. ICC values were classified as excellent (ICC >
0.9), good (ICC = 0.75-0.9), moderate (ICC = 0.5-0.75), or
poor (ICC < 0.5) (Koo and Li, 2016). Finally, correlation
analyses according to Pearson (parametric data) and Spear-
man rank (non-parametric data) were carried out for the
heterogeneous total group as well as depending on training
status and sex. For this purpose, difference values between
the measurement time points (MTPs) were used. A p-value
of <.05 was accepted as statistically significant. Due to the
explorative approach of the study, there was no multiple
test adjustment of a-error. The Line Graphs with raw data
were created using Prism 9 (GraphPad Software, San Di-
ego, CA, USA).

Results

Brain-derived neurotrophic factor
Plasma BDNF concentrations show a significant difference
between the multiple time points (MTPs) overall (F(3)
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=103.23; p < 0.001). As shown in Figure 1 (A), a signifi-
cant increase in concentration at PrEx compared to PoEx
was observed in post hoc analysis (p < 0.001). After the
peak at PoEx, a significant decrease to 3hPoEx (p <.001)
and 24hPoEx (p < 0.001) was determined. Also, a contin-
uous reduction of the BDNF concentration was found from
3hPoEx to 24hPoEx (p = 0.009) at both RTs. The variance
analysis revealed an influence of the variables gender and
training status on the MTPs with (F(3) = 2.44; p = 0.067).
Analysis of reliability shows a poor ICC of 0.33.

Short-form McGill Pain Questionnaire

Significant effects were found for the SF-MPQ total score
between the MTPs (F(2,51) = 21.14; p < 0.001) (Figure
1B). The total score of the pain perception increased PoEx
(p < 0.001) and was significantly higher compared to the
baseline value at all MTPs except at 24hPoEx (PrEx -
3hPoEx, p <0.001; PrEx - 24hPoEx, p < 0.001). After the
peak PoEx, the total score significantly decreased back to

baseline level up to 24hPoEx (p < 0.001). Moderate ICC-
values of 0.54 were found for this parameter.

Stroop Color and Word Test

Differences for d’ across all MTPs in both RTs (F(2,56) =
23.92; p < 0.001) were found. The d’ increased signifi-
cantly from MTP to MTP (PrEx — PoEx, p < 0.001; PoEx
— 3hPoEx, p = 0.007; PoEx — 24hPoEx, p = 0.003),
whereby no difference was detected between 3hPoEx and
24hPoEx. As shown in Figure 1 (C), all PoEx MTPs dif-
fered from the PrEx wvalue (PrEx - PoEx/ 3hPoEx
/24hPoEx, for all p < 0.001). A poor ICC of 0.30 was de-
termined over the MTPs. For the reaction time of the
Matched Correct (MC) values, differences could be found
over all MTPs in both RTs (F(2,22) = 108.84; p < 0.001).
Figure 1 (D) shows that the reaction time at PrEx is higher
compared to PoOEx MTPs (PrEx - PoEx/ 3hPoEx /24hPoEXx,
for all p < 0.001). The 24hPoEx reaction time represents
the lowest value and differs significantly from the PoEx
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and 3hPoEx value (PoEx - 24hPoEx, p = 0.003; 3hPoEx -
24PoEx, p < 0.001). Moderate ICC-values were found for
the participant’s reaction time (ICC = 0.62). Concerning
the speed of the participant’s responds for the non-matched
condition, statistical analysis yield a significant effect over
all MTPs (F(1) = 5205.97; p < 0.001). Post hoc analysis
revealed the lowest reaction time of the non-matched cor-
rect (NMC) values to the 24hPoEx MTP. Significant dif-
ferences were found between the 24hPoEx value and all
other MTPs (PrEx/ PoEx/ 3hPoEx - 24hPoEx, for all p <
0.001) (Figure 1E). The ICC value (0.58) was classified as
moderate.

Heart rate variability

All results of the HRV time domain parameters showed a
significant main effect between the MTPs on both RTs
(ARR: F(3) = 104.65, p < 0.001; RMSSD: F(2,527) =
87.53, p < 0.001; pNN50: F(2,189) = 54.27, p < 0.001;

SD1: F(2,43) = 89.79, p < 0.001; SD2: F(3) =58.09, p <
0.001). Post hoc analysis of all HRV time domain parame-
ters demonstrated a decrease after the RTs (p <0.001) (Fig-
ure 2A - E). Afterwards, the values increased continuously
up to 3hPoEx and remained unchanged 24hPoEx, except
for ARR (PoEx - 3hPoEx, p <0.001; PoEx - 24hPoEx, p <
0.001). For ARR, another significant increase was found
between 3hPoEx and 24hPoEx (p < 0.001). ICCs were
classified as moderate for all parameters (ARR: 0.71,
RMSSD: 0.58, pNN50: 0.49, SD1: 0.59, SD2: 0.61). For
all HRV frequency domain parameters, significant differ-
ences were found over the MTPs (HF: F(3) = 89.65, p <
0.001; LF: F(2,556) = 30.33, p < 0.001; LF/HF: F(3) =
46.88,p <0.001; VLF: F(3) =81.68, p <0.001) (Figure 3).
A decrease was found at PoEx (p < 0.001), while at
3hPoEX, all parameters increased (p < 0.001) and still in-
creased at 24hPoEx compared to PoEx (p < 0.001). Results
of the variance analysis for LF/HF-ratio showed a signifi-
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cant main effect between the MTPs (F(3) = 46.88, p <
0.001) (Figure 3C). The values initially increased PoEx (p
< 0.001) and continuously decreased to the baseline level
until 24hPoEx (PoEx - 3hPoEx/ 24hPoEx, p < 0.001;
3hPoEx - 24hPoEx, p < 0.001). Regarding sex effects, a
significant difference was found in the post hoc analysis of
the 3hPoEx values (p =0.002). The LF/HF ratio was almost
twice as high for men as for women. The ICC values of the
HRV frequency parameters over the MTPs were: HF =
0.52, LF = 0.64, for VLF = 0.57, and LF/HF-ratio = 0.63.

Associations between inflammatory markers and neu-
rophysiological parameters
In order to identify associations between neurophysiologi-

cal markers and other blood markers, analyses were carried
out on markers that have already been published in the
same study (Reichel et al., 2020). Only correlations that
have shown a significance at both RTs or that correlated
for one RT over time were considered. Correlation coeffi-
cients of r = -0.487, p = 0.018 (RT1) and r = -0.461, p =
0.027 (RT2) were found for IL-8 and VLF in men on both
RTs in the recovery response after the RTs (Figure 4). We
further found associations between IL-1ra and SF-MPQ to-
tal score (r=.622,p=.018/r=.508,p=.031,RT1) (Figure
5 A1/2), IL-6 and SD2 (r =-0.542,p = .3/ r=-0.625,p =
0.006, RT2) (Figure 5 B1/2), and IL-8 and pNNS50 (r = -
0.586,p=0.022/r=-0.557,p =.016, RT2) (Figure 5 C1/2)
in MT over time at one RT.
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analyses. Significant correlations are presented with p < 0.05.
Discussion

The current study found a significant immediate increase
of BDNF, pain perception, and a significant decrease of
most HRV parameters after both RTs, indicating their sen-
sitivity to acute exercise. During 24h recovery, most pa-
rameters, except pain of perception, HR and mean of RR
interval, returned to baseline levels. In contrast, for the
Stroop sensitivity as well as the reaction time at the SCWT,
a continuous increase over all MTPs was shown. Regard-
ing their reliability, most parameters showed ICCs classi-
fied as moderate, while ICC of plasma BDNF, Stroop sen-
sitivity, and pNN50 were classified as poor. Some neuro-
physiological markers showed a sex-specific regulation or

a relation to training status. Only a few associations were
found between neurophysiological parameters and blood-
based inflammation markers.

At both RTs, plasma BDNF levels increased at
PoEx (by 157% at the RT1 and 156% at the RT2). These
results are consistent with the observation of Fonseca et al.
(2021), who reported a significant increase in plasma
BDNF following a single bout of progressive endurance
exercise to fatigue. Accordingly, BDNF response to exer-
cise depends on the volume of physical activity, identified
by intensity and frequency as the determining predictors of
biochemical upregulation (De Assis et al., 2018).

However, poor reliability was found for this neuro-
physiological parameter due to the large inter- and
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intrapersonal variation in plasma BDNF. Moreover, it has
a complex genomic structure making it an ideal target for
multiple and complex transcriptional regulations (Marti-
nowich and Lu, 2008). Furthermore, the different occur-
rence of BDNF, as platelet-bound or free BDNF, can lead
to variable and non-reproducible results (Walsh and Tscha-
kovsky, 2018). Considering the effect of gender, it has been
observed that both testosterone and oestrogen affect BDNF
upregulation (Pluchino et al., 2013). However, no effect of
the menstrual cycle on peripheral BDNF levels was found
(Lommatzsch et al., 2005). The menstrual cycle was one of
the reasons why we did the tests four weeks apart.

Despite all, BDNF appears to express a certain ex-
ercise sensitivity indicating that it could be worthwhile to
keep searching for other reliable and robust parameters as-
sociated with BDNF upregulation to detect further innova-
tive biomarkers for diagnostics in exercise and recovery.

For pain perception based on the SF-MPQ), similar
results over MTPs were shown in a previous study (Kriiger
et al., 2015). Accordingly, the questionnaire can be classi-
fied as exercise sensitive. Recently, an association between
pain perception and markers of inflammation was found
(Kriiger et al., 2015). Interestingly, we were able to show a
comparable association with IL-1ra levels in MT. Such
parallels are rooted in the nociceptive system and have al-
ready been established in medical studies (Slade et al.,
2011). Mechanical or chemical stimuli are transferred into
the central nervous system by afferent signals. This triggers
inflammatory pathways with multiple signaling cascades
resulting in the release of inflammatory cytokines
(Ronchetti et al., 2017). Nevertheless, only moderate relia-
bility can be shown for the SF-MPQ. Despite standardized
test conditions, there are many factors affecting pain per-
ception. Accordingly, consideration should be given to
combining it with other tools in the context of exercise and
training.

A closer look at the results of the SCWT revealed
an exercise-sensitive increase. However, due to the steady
increase across all MTPs, we suspect a learning effect in
this test. After all, the increase of the subject’s performance
on SCWT at RT2 did not enhance to the same extent as at
RT1. This may indicate that participants’ improvement on
SCWT weakens within the number of applications. Base-
line average of Stroop sensitivity index or rather partici-
pant‘s reaction time varies widely comparing both RTs. In-
deed, the baseline average of d’ at RT2 approximately cor-
responds with the average 3hPoEx at RT1. Correspond-
ingly, poor reliability was found for d‘. Although reaction
times are not identical on both RTs, the progression of re-
action times within the MTPs between were largely con-
sistent. Thus, participants’ reaction times do not differ to
the same amount as d‘. Accordingly, moderate reliability
was found for both conditions of reaction time.

Regarding the load sensitivity of the participant’s
reaction times, an improvement at PoEx was initially
found. Furthermore, no significant change was observed
between PoEx and 3hPoEx. Since this consistency of stag-
nation on the subject’s performance can be observed at
both RTs under both conditions (MC and NMC), it is spec-
ulated that there is a neurophysiological recovery status or
a delayed mental impact due to the high level of physical

exertion - inhibiting the participant’s enhancement on
SCWT performance. This hypothesis should be analyzed
in future investigations since there are previous findings
that aerobic exercise has a positive impact on executive
functions up to two hours after exercise (Alves et al., 2012;
Chang et al., 2012).

The results of the various HRV parameters show
relatively homogeneous exercise-sensitive characteristics
that reflect the sympathetic and parasympathetic activity of
the autonomic nervous system (ANS). A decrease can be
recognized in the frequency- and time-domain parameters
PoEx which is supported by previous studies (Saboul et al.,
2016). Further, serveral studies proved reduced indices of
parameters that reflect parasympathetic tonus (RMSSD,
HF and pNNS50) during exercise, because of the predomi-
nance of sympathetic tone (Makivi¢ et al., 2013; Seiler et
al., 2007). Due to the high intensity and its effect on the
autonomic efferent activity, all values of the mentioned pa-
rameters present low values PoEx. Nevertheless, contra-
dictory results can also be found in the literature for the
frequency-based HRV parameters. For example, Vanderlei
etal. (2008) found an increase in the parasympathetic HRV
parameter (HF level) during 20 minutes of submaximal cy-
cling at 60% of maximal heart rate (Vanderlei et al., 2008).
It can be speculated that the type of exercise sensitivity
may have different effects on HRV. Cottin et al., 2004
demonstrated higher values in LF and HF after moderate
compared with high-intensity exercise in triathletes (Cottin
et al., 2004).

As in previous studies, LF/HF ratio identified a
sympathetic predominance after exercise at both RTs,
which was indicated by an increased LF/HF ratio as well
as a parasympathetic predominance 3hPoEx and 24hPoEx
(Dong, 2016; Makivi¢ et al., 2013). Especially in exercises
requiring effort and stronger ANS activity, the LF/HF ratio
indicates higher sympathetic activation (Shaffer et al.,
2014). These results present a reduced HRV and therefore
reduced adaptability to exogenous and endogenous physi-
cal stressors. In the sex-specific analysis, a difference in the
frequency-based LF/HF-ratio 3hPoEx was found. The
value was approximately twice as high for men as for
women. These findings might reflect the increased cardiac
sympathetic activity and increased sympathovagal balance
after exercise in men compared to women (Boos et al.,
2017; Koenig and Thayer, 2016).

The characteristics of parasympathetic parameters
(HF, RMSSD, pNN50, SD1) as well as sympathetic param-
eters (LF, LF/HF, SD2) change similarly by a gradual in-
crease back to baseline from PoEx to 3hPoEx and finally
to 24hPoEx measurement at both RTs. This suggests that
HRYV parameters are valid markers representing the exer-
cise-recovery cycle. Interestingly, the ARR showed an ad-
aptation during recovery to 24hPoEx. The increase in R-R
interval length between baseline and 24hPoEx may be due
to short-term adaptive effects of exercise on the ANS.
However, these may be only moderate related to other en-
dogenous or exogenous factors, such as sleep quality
(Busek et al., 2005), type of exercise (Kiviniemi et al.,
2015), and outdoor temperature (Shaffer et al., 2014),
which may compromise correct interpretation of R-R inter-
val fluctuations.
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Looking at the reliability analyses, ICCs of HRV
parameters were classified as moderate. This initially
shows that the vegetative parameters of HRV are relatively
robust to standardized approaches and can be used as mark-
ers to monitor exercise and recovery. However, a misbe-
havior of the participants during the HRV measurement
can be the reason for no higher ICC values. There are dis-
tinct guidelines for HRV measurement. However, restless
behavior of the participants and irregular breathing, for ex-
ample, cannot always be avoided(Saboul et al., 2016).

Interestingly, associations between HRV parame-
ters and inflammatory markers were found on both RTs
and in the exercise and recovery cycle. Previous studies
have already demonstrated that the vagus nerve plays an
important role in the regulation of inflammation (Tracey,
2007). For example, increased vagal activity led to a reduc-
tion in the production of pro-inflammatory cytokines such
as TNF (Bernik et al., 2002). Furthermore, associations
with IL-6 and CRP have been found specifically in reduced
LF-HRV and HF-HRV (Cooper et al., 2015). This con-
firms not only a connection between the parasympathetic
system but also the sympathetic system. However, it is con-
troversially discussed that the sympathetic nervous system
has both pro-inflammatory and anti-inflammatory proper-
ties (Koopman et al., 2011).

Finally, the study has limitations. Analysis of exer-
cise capacity was performed by a lactate field test and not
under laboratory conditions. This may be a reason for in-
creased confounding variables on the results. However,
this does not have to be a disadvantage, because we intend
a quick transfer of our monitoring strategies into the appli-
cation in sports practice.

Conclusion

In conclusion, plasma BDNF, SCWT performance, pain
perception and HRV parameters are suitable exercise-sen-
sitive markers after acute RTs. Some markers, such as pain
perception, the reaction time of the SCWT, and all HRV
parameters show moderate reliability, others rather poor.
In addition, there were associations with other inflamma-
tory markers, such as IL-1ra, IL-6, and IL-8, as well as
classifications between sex and training status. However,
these results are still very preliminary and need to be inves-
tigated in more detail in future studies. The extent to which
the markers can then be used individually or as part of a
test battery for practical monitoring of athletes should be
shown in a consecutive step by individual time-series anal-
yses. This involves repeated blood sampling at standard-
ized times at rest and post-exercise — in combination with
established monitoring tools — to record exercise load and
the corresponding marker responses while establishing in-
dividualized reference values (Sperlich et al., 2016). The
more individually a marker is regulated, the more im-
portant it is to perform serial measurements on an athlete
over multiple load-recovery cycles to determine the indi-
vidual ranges of its regulation (Becker et al., 2020). This is
the task of scientists to evaluate such individual reference
values of biomarker concentrations. It is recommended that
athletes and coaches use a combination of blood markers,
questionnaires, and cardiological parameters for monitor-

ing exercise. The additional benefit of this combination of
different diagnostics is that athletes and coaches can access
subjective as well as objective parameters and thus draw
conclusions about the current neurophysiological and veg-
etative state of the athletes from the perspective of several
measurement parameters.
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Key points

o Pain perception and the Stroop test have moderate reliability
in the use of exercise and recovery markers after two iden-
tical exercise loads in endurance sports

e Markers of heart rate variability also show moderate relia-
bility as biomarkers after intense endurance exercise under
identical conditions.

e There are associations between neurophysiological markers
and inflammatory blood markers after endurance exercise
that are partially associated with gender and training status
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