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Acute physiological responses to four running sessions performed at different intensity zones
ABSTRACT

This study investigated acute responses and post 24-hour recovery to four running sessions performed
at different intensity zones by supine heart rate variability, countermovement jump, and a submaximal
running test. A total of 24 recreationally endurance-trained male subjects performed 90 min low-
intensity (LIT), 30 min moderate-intensity (MOD), 6x3 min high-intensity interval (HIIT) and 10x30
s supramaximal-intensity interval (SMIT) exercises on a treadmill. Heart rate variability decreased
after all sessions, and the decrease was greater after MOD compared to LIT and SMIT (p<0.001;
p<0.01) and HIT compared to LIT (p<0.01). Countermovement jump decreased only after LIT
(p<0.01) and SMIT (p<0.001), and the relative changes were different compared to MOD (p<0.01)
and HIT (p<0.001). Countermovement jump remained decreased at 24 hours after SMIT (p<0.05).
Heart rate during the submaximal running test rebounded below the baseline 24 hours after all
sessions (p<0.05), while the rating of perceived exertion during the running test remained elevated
after HIIT (p<0.05) and SMIT (p<0.01). The current results highlight differences in the physiological
demands of the running sessions performed, and distinct recovery patterns of the measured aspects
of performance. Based on these results, assessments of performance and recovery from multiple
perspectives may provide valuable information for endurance athletes, and help to improve the quality

of training monitoring.
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Introduction

Endurance training typically consists of various training modes differing in duration and intensity.
Traditional intensity zones can be set based on individual ventilatory or lactate thresholds into low-
intensity training below the first lactate threshold, moderate-intensity training between first and
second lactate thresholds and high-intensity training between second lactate threshold and maximal
oxygen consumption [1]. In addition to endurance intensity zones, supramaximal intensity training
above the intensity of VOamax may improve maximal endurance performance [2, 3], and induce
similar adaptations in the skeletal muscle oxidative capacity than traditional endurance training [3].
Training intensity has effects on the cardiovascular workload, substrate utilization in energy
metabolism, as well as the number and type of motor units recruited during the exercise [1], all of
which may influence the type of fatigue induced and responses observed followed by the session.

Fatigue during endurance exercise can be stated as perceived tiredness with concurrent decrements
in muscular performance and function [4]. Typically, the body needs to adjust to the growing demand
of the activity performed by increasing heart rate [5-7], oxygen consumption, [5-7] and perceived
effort [8] at a given workload. The autonomic nervous system responds to exercise by increasing
sympathetic drive and catecholamine secretion [9], while parasympathetic activity diminishes [10].
The origin of the fatigue and time frame to restore the normal function in the neuromuscular system

seems to depend on the duration and the intensity of the preceding exercise [11].

In addition to appropriate training load, sufficient recovery is required to induce training adaptations.
Resting heart rate variability (HRV) is a noninvasive measurement of the autonomic nervous system
function and is suggested to provide comprehensive information about the recovery status [12].
Previous research has shown that the reactivation of the parasympathetic nervous system measured
as HRV after training appears to be affected most by the intensity of the session [10, 13, 14]. Full
restoration after exercise at or above the first ventilatory threshold intensity can take up to 24-48
hours [15]. Furthermore, individually adjusted endurance training based on the fluctuations of resting
HRV has provided superior results compared to predefined training [16, 17]. A similar approach has
also been examined with a heart rate-based submaximal cycling test [18]. The general assumption in
submaximal tests is that increase in the power or speed at the same relative heart rate and perceived

effort reflects positive training adaptation [19] and readiness to train [18].

Despite the potential of the resting HRV and heart rate based submaximal tests, it is unclear how well
these tests reflect all aspects of recovery such as the subjective recovery or readiness of the

neuromuscular system. Recently, it has been observed that the recovery timeframe of neuromuscular
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performance and exercise-induced muscle damage may differ from that of HRV after strength training
exercise [20]. Acute responses following endurance exercise also seem to differ as countermovement
jump (CMJ) performance may even improve in endurance-trained athletes after high-intensity
sessions [21, 22]. Additional monitoring variables may also help to contextualize whether changes in
resting HRV or submaximal heart rate are due to fatigue or positive training adaptation, as similar

responses may be observed in both situations [12, 23].

Responses to training are likely related to the intensity and duration of the preceding session and
subsequently, the timeframe to recover may vary depending on the viewpoint taken. In endurance
sports, heart rate assessments during rest and exercise have been studied and also utilized in training
monitoring widely, while less is known about the other aspects of recovery and resemblance of
different markers. The purpose of this study was to compare acute responses and post 24-hour
recovery in the function of the autonomic nervous system, neuromuscular performance and
submaximal running test. It was hypothesized that the acute HRV decrease is related to the intensity
of the training, while CMJ performance would improve after moderate and high-intensity training
sessions. In addition, it was anticipated that CMJ, metabolic and cardiorespiratory recovery would
occur in the 24 hours after all sessions, but parasympathetic nervous system activity would only be

fully recovered after LIT.

Materials and methods

Subjects

Twenty-five recreationally endurance-trained men, aged 20-45 years, were recruited for the study.
Basic characteristics of the subjects are presented in Table 1. After being informed about the study
design and possible risks and benefits of participation, subjects with an appropriate training
background and health status signed a written informed consent form. One subject could not finish
all the training sessions due to an injury, and, therefore, the total number of subjects was 24. After
low-intensity session and high-intensity interval session, one subject did not perform the post-24-
hour measurements. The study was approved by the Ethical Committee of the University [}
I ¢ it was conducted according to the provisions of the Declaration of Helsinki and

recommendations of Harriss et al. [24].

**TABLE 1 ABOUT HERE**

Study design

The study compared acute responses to and post 24-hour recovery following four different training

sessions performed on a treadmill. The order of the training session was randomized by drawing the

3
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sequence for each subject. After a preliminary performance testing week, training sessions were
performed during the one-month study period. Before (pre), immediately after (post) and 24 hours
after (post24) each session, supine heart rate variability, countermovement jumps, and a submaximal
running test were performed. Additionally, perceived recovery and muscle soreness was measured at
pre and post24. Subjects could continue their regular training during the study period. However, on
the day before each training session, no exercise was performed and on the day before only light
exercise was permitted. During the recovery phase before post24 measurements, exercising was not
allowed. Subjects were advised to avoid heavy meals and caffeine 3-4 hours preceding each
measurement to avoid any gastrointestinal symptoms or any other possible effects on measured
variables. The structure of one training session and the measurements performed are presented in

Figure 1.
**FIGURE 1 ABOUT HERE**

Preliminary examinations

Incremental treadmill test: The incremental treadmill test was performed on a treadmill
(Telineyhtyma Oy, Kotka, Finland). Starting speed (8.2 + 1.1 km/h™!) was individually set based on
obtained information of the previous performance and training background of the subjects to have at
least two stages before the velocity of the first lactate threshold, and thus allow a reliable estimation
of lactate thresholds. Three-minute stages were used, and speed increased by 1 km-h't after every
stage. Between the stages, the treadmill was stopped (15-20 s) for the fingertip blood lactate samples
to be taken. Inclination was kept constant at 0.5 degrees through the whole test. Oxygen consumption
was measured breath by breath (OxygonPro, Jaeger, Hoechberg, Germany) and heart rate was
monitored with a Garmin Forerunner 920XT (Garmin Ltd, Schaffhausen, Switzerland). VOzmax Was
defined as the highest 60 s average of oxygen consumption. Maximal treadmill running speed (vMax)
of the test was defined as the highest completed stage speed, or if the stage was not finished, as a
speed of the last completed stage (km-ht) + (running time (s) of the unfinished stage — 30 seconds) /
(180 — 30 seconds) - 1 km-h. Running speed at the first lactate threshold (vLT1) and running speed
at the second lactate threshold (vLT2) were determined based on the change in the inclination of the
blood lactate curve during the test [19]. The first lactate threshold was set at 0.3 mmol-I* above the
lowest lactate value and the second lactate threshold at the intersection point between 1) a linear
model between first lactate threshold and the next lactate point and 2) a linear model for the lactate

points with the La increase of at least 0.8 mmol-I"! similar to Vesterinen et al. [19]
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20 m flying sprint test: 20 m flying sprint test was performed in the indoor track. Warm-up before
the test included a 10-minute low-intensity run, dynamic stretching for the lower limbs and three
submaximal 50 m accelerations. Maximal running speed (v20m) was measured with two photocell
gates after 30 m acceleration. Three attempts were performed with three-minutes recovery, if no more
than 5 % improvement were found between the last two attempts. The best result was used in further

analysis.

Anthropometrics: Fat percentage was analyzed as a sum of four skinfolds [25]. Subjects were
weighed before each measurement session and the current body mass was used in VO, (ml-kg™*-min-

1 calculations.

Training sessions

The duration and intensity of the training sessions were pre-determined in order that they represented
typical training of each intensity zone (low, moderate, high and supramaximal intensity) and to ensure
it would be possible for each subject to perform the sessions. Previous studies [2, 14, 26] have also
utilized similar types of training. Running speeds of the sessions were set individually based on their
lactate thresholds and maximal running speed during the incremental treadmill test and the 20 m
flying sprint test. A low-intensity (LIT) session was a 90-min run performed at 80 % of the speed of
the first lactate threshold (vLT1). A moderate-intensity (MOD) session was a 30-min run performed
at the average speed of the first and second lactate thresholds ((VLT1+vLT2)/2). A high-intensity
interval (HIIT) session was 6x3 min with 2 min recovery performed between the second lactate
threshold and maximal incremental treadmill test speed (VLT2+(vMax-vLT2)/3). A supramaximal
intensity interval (SMIIT) session was 10x30 s with 2.5 min recovery performed at 75 % of the speed
from the 20 m flying sprint (v20m - 0.75). During the recovery, treadmill speed was set at 5 km/h in
both interval sessions. The submaximal running test acted as a warm-up and cool-down for the
sessions. Before SMIT, one short acceleration (15 s) to the speed of the upcoming session was
performed to familiarize subjects with the treadmill velocity, and the actual session started after 2.5

min recovery.

All training sessions were performed within-subject at the same time of the day (£ 1 h) on the
treadmill (Telineyhtyma Oy, Kotka, Finland). Heart rate was measured throughout the sessions with
a Garmin Forerunner 920 XT -monitor (Garmin Ltd, Schaffhausen, Switzerland). Average and peak
heart rates as well as training impulse (TRIMP), based on the Edwards [27] model, were analyzed
from the training sessions. In addition, at the end of each session rating of perceived exertion (RPE)

were asked with the 6-20 Borg scale [28], and blood samples were drawn from the fingertip. Blood
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lactate was analyzed with Biosen S_line Lab+ lactate analyzer (EKF Diagnostic, Magdeburg,
Germany). After each training session, subjects were given the same recovery drink (Fast Reco2)
including 41 g of carbohydrates and 20 g of proteins mixed in a 500 ml of water. The recovery drink

was served to ensure similar immediate nutrition for all subjects.

Recovery measurements

Heart rate variability: Heart rate variability (HRV) was measured in a supine position with a Garmin
Forerunner 920XT -monitor. Before starting three-minute data collection [29], a one-minute
stabilization period was performed [30]. Subjects were able to breathe at their natural rhythm. The
average natural logarithm of the square root of the mean sum of the squared differences (INRMSSD)
was calculated from the three-minute measurement period. Because the measurements were
performed in the lab and not right after awakening, baseline values in each athlete were derived from

pooled pre-exercise data for the four test sessions comparable to Seiler et al. [14].

Countermovement jump: Countermovement jumps were performed on a contact mat. Jump height
(h) was calculated with a formula: h =g - t? - 8, where t is the recorded flight time in seconds and g
is the acceleration due to gravity (9.81 m - s) [31]. Subjects were advised to keep their hands on
their hips and jump as high as possible. The lowest knee angle for the jump was about 90 degrees.
Three attempts with 30 s recovery were performed unless an improvement of 5 % or more was found
between two last jumps. The best jump of three was used in further analysis. Subjects were

familiarized with the jumping technique during the preliminary tests.

Submaximal running test: The submaximal running test (SRT) was modified from the Vesterinen et
al. [19] submaximal running test, and it acted as a warm-up and cool down for each training session.
SRT in the current study consisted of two 5-min stages which were performed at the speeds
corresponding individually to 70 % (1. stage) and 80 % (2. stage) of HRmax during the incremental
treadmill test. The same individually set speeds, which were calculated from the incremental treadmill
test, were used in all measurements, despite possible changes in heart rate, to allow fair comparison
between sessions and conditions. During SRT, heart rate (HR) was recorded (Garmin Forerunner 920
XT) and oxygen consumption (VO) and respiratory exchange ratio (RER) were measured
(OxygonPro, Jaeger, Hoechberg, Germany). Average of the last two minutes during the 80 % running
speed was used in further analysis, as higher intensities reflect better changes in maximal performance
[19]. After SRT, RPE was asked using the 6-20 Borg scale [28] and blood lactate values were

analyzed from the fingertip sample.
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Subjective markers: Perceived recovery was estimated on the 0-10 scale [32]. Perceived muscle
soreness of the lower limbs was estimated on the 10 cm visual analogy scale where O represented no
soreness at all and 10 represented the highest possible soreness [33].

Statistical analyses

All values are expressed as mean and standard deviation (SD). Normal distribution of the data was
checked with the Shapiro-Wilk test and homogeneity of the variances by Levene's test. A one-way
repeated measures ANOVA was used to compare training load variables measured during training
sessions. A two-way repeated measures ANOVA was performed to examine main effects (training
mode, time) and interaction (training mode X time) across measured variables. When appropriate, a
Bonferroni post hoc test was used. Furthermore, in case of significant training mode x time
interaction, relative changes from pre-values to post and post24 were compared between training
modes using paired samples t-test with Bonferroni correction. Muscle soreness was not normally
distributed even after log-transformation, so Wilcoxon signed-rank test was used for within-group
comparisons and Mann-Whitney U-test for between-group comparisons. To further analyze the
magnitude of observed changes, the effect size was assessed by Cohen’s D (difference of the means
divided by the pooled standard deviation) [34], and after nonparametric tests by a formula: ES = Z/\n,
where Z is the z-score, and n are the number of observations on which Z is based. An effect size of
<0.20 was considered trivial, >0.20 small, >0.50 medium, and >0.80 large [34]. Statistical
significance level was set to p<0.05. Analysis were performed with IBM SPSS Statistics v.26 -
programs (SPSS Inc, Chicago, IL, USA) and Microsoft Excel 2010 (Microsoft Corporation, WA,
USA).

Results

Training sessions

Results of the training sessions performed are presented in Table 2.

**TABLE 2 ABOUT HERE**

Supine heart rate variability

A significant main effect for the training mode (p<0.001), time (p<0.001) and training mode x time
interaction (p<0.001) were found in INRMSSD. INRMSSD decreased (p<0.001) after LIT (3.8 £ 0.5
msvs. 2.9 £0.7 ms, ES=-1.83), MOD (4.0 £ 0.5 ms vs. 1.9 £ 0.8 ms, ES=-3.13), HIIT (3.9 £ 0.4 ms
vs. 2.1+ 0.7ms, ES=-3.12) and SMIT (3.9 £ 0.5 ms vs. 2.5 £ 0.6 ms, ES=-2.55). The relative decrease
was smaller after LIT when compared to MOD (p<0.001, ES=1.35) or HIIT (p=0.001, ES=1.09)
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(Figure 2). A smaller decrease was also observed after SMIT than MOD (p=0.009, ES=0.90) (Figure
2). INRMSSD returned to baseline after all sessions at 24 hours with no differences compared to
baseline within (LIT ES=0.15, MOD ES=-0.17, HIIT ES=0.00, SMIT ES=0.08) or between sessions.

Relative mean and individual changes from the baseline in the INnRMSSD are presented in Figure 2.

**FIGURE 2 ABOUT HERE**

Countermovement Jump (CMJ)

A significant training mode X time interaction (p<0.001) was observed in CMJ. CMJ height decreased
after LIT (35.8 £4.7 cm vs. 34.2 + 4.9 cm, p=0.001, ES=-0.34) and SMIT (36.1 £+ 4.7 cmvs. 34.4 +
4.1 cm, p<0.001, ES=-0.37), while no difference compared to baseline was observed after MOD (35.3
+5.8cmyvs. 35.8 £5.3cm, ES=0.09) or HIIT (35.7 £ 5.5 cmvs. 36.4 £ 5.0 cm, ES=0.13). The relative
changes after LIT and SMIT were also different compared to MOD (LIT, p<0.001, ES=-1.06; SMIT,
p=0.002, ES=-1.08) and HIIT (LIT, p<0.001, ES=-1.33; SMIT, p<0.001, ES=-1.43) (Figure 3). CMJ
remained decreased after SMIT 24 hours after the session (p=0.018, ES=-0.19), while no difference
was observed after other sessions (LIT, ES=-0.06; MOD, ES=0.02; HIIT, ES=-0.04). Relative mean
and individual changes from the baseline in the CMJ height are presented in Figure 3.

**FIGURE 3 ABOUT HERE**

Submaximal running test

A significant main effect for time (p<0.01) were observed in all variables measured during the
submaximal running test. In addition, significant main effect for training mode as well as training
mode x time interaction was found in blood lactate (p<0.001). Heart rate during submaximal running
test increased after all sessions (p<0.001) followed by a decrease below the baseline at 24 hours after
LIT (p=0.001), MOD (p=0.023), HIIT (p=0.016) and SMIT (p=0.011). RPE during submaximal
running test increased after LIT (p<0.001), MOD (p=0.004), HIIT (p=0.001) and SMIT (p=0.002),
and it returned to baseline at 24 hours after LIT and MOD but remained increased after HIIT
(p=0.048) and SMIT (p=0.007). Oxygen consumption during submaximal running test increased after
LIT (p=0.017) and MOD (p=0.002), while no significant difference was observed after SMIT or HIIT.
Oxygen consumption returned to baseline after all sessions at post24 measurements. The only
between-group difference observed during the submaximal running test was in blood lactate which
was higher after SMIT than any other session (p<0.001) The absolute values and effect sizes

measured during the submaximal running test are presented in Table 3.

**TABLE 3 ABOUT HERE**




o N o o1 B~ W DN

10
11
12
13
14
15
16
17
18
19
20

21

22
23
24
25
26
27
28
29
30

31
32

Subjective markers

No significant main effects or interaction were observed in perceived recovery (LIT 7.4 £ 1.5 vs. 6.7
+ 1.7, p=0.054, ES=-0.42; MOD 7.0+ 15vs. 7.0 £ 1.4, ES=-0.03; HIT 7.3+ 15vs. £ 7.1 £ 1.7,
ES=-0.13; SMIT 7.4 + 1.4 vs. 6.9 + 1.6, ES=-0.33). Perceived muscle soreness increased after LIT
(1.5+1.3vs. 24+ 1.7, p=0.003, ES=0.41) and SMIT (1.7 £ 1.9 vs. 2.4 £ 1.5, p=0.042, ES=0.25),
while no change was observed after MOD (1.7 £ 1.5 vs. 2.1 £ 1.2, ES=0.20) or HIIT (1.6 + 1.6 vs.
1.9 + 1.7, ES=0.19). No significant differences between sessions were observed in relative changes

of subjective markers.
Discussion

The aim of this study was to compare acute responses and post 24-hour recovery after training
sessions performed at different intensity zones. The main findings of the study were that
parasympathetic reactivation measured as HRV was diminished the most after MOD and HIIT
compared to LIT and SMIT. Contradictory, CMJ performance did not decrease after MOD or HIIT
but acutely decreased combined with increased muscle soreness at post24 after LIT and SMIT. The
main result of the submaximal running test was that all measured metabolic parameters recovered
and heart rate decreased significantly at 24 hours after all sessions, despite perceived exertion being
elevated after HIIT and SMIT at the respective time points. The current results highlight how
physiological demands differ between training modes. Different measures of performance and
recovery may induce even contradictory results illustrating the usefulness of a broad approach to

endurance training monitoring.

Training sessions

Blood lactate, heart rate, and RPE responses to running sessions confirmed that they could be
regarded as representative measures of each intensity zone. Peak and average heart rate values
observed during MOD and HIIT indicated a high cardiovascular demand during these sessions.
Perceived effort during SMIT was estimated by the subjects similarly as after MOD and HIIT, and
despite lower heart rate values, blood lactate increased the most suggesting higher anaerobic
contribution during the session. During LIT, more than double the distance was covered compared to
MOD and HIIT while there was almost a fourfold increase in distance covered compared to SMIT.
Although the duration or distance was not the same between the sessions, they were likely similar to

the ones typically utilized by athletes [1].

The only unexpected response was increased blood lactate value after LIT despite the low relative
intensity (52 %/vMax, 80 %/vLT1), low heart rate (avg: 70 %/HRmax, peak: 76 %/HRmax) and RPE

9
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(12 on a 6-20 scale). In the study of Seiler et al. [14], no changes in blood lactate were observed after
1- or 2-hour exercises performed below the ventilatory threshold. Differences compared to the present
protocol were that Seiler et al. [14] had higher caliber athletes, the 1-hour session was performed on
the 2-5 % incline and the longer 2-hour session was performed outside. All of these methodological
differences may at least slightly influence the physiological responses compared to the present
protocol. In line with the present results, Kaikkonen et al. [26] found that after a 14 km run on a
treadmill at 60 % vVO2amax blood lactate elevated significantly compared to the control session
performed at the same intensity but 3 km in distance (1.4 vs. 2.6 mmol/l) in recreational athletes. The
athlete level could, therefore, be a major factor in the observed response. Because RPE and heart rate
remained in target values despite elevated blood lactate levels during LIT, the training session of the
present study likely illustrates a typical LIT session of a recreational endurance athlete.

Acute responses

Acute responses in supine HRV differed significantly between the sessions. HRV decreased less after
LIT compared to MOD and HIIT despite higher TRIMP and more than the double distance covered
during the session. The results are in line with previous studies [10, 14] indicating that intensity of
the sessions, when performed below vVOamax Seems to influence the parasympathetic reactivation
more than the duration of the session. Furthermore, MOD and HIIT produced quite similar acute
responses in HRV supporting the theory that lactate or the ventilatory threshold may act as a lower
bound for the intensity related delay in parasympathetic reactivation [14]. An unexpected finding was
that a smaller decrease in HRV was also observed after SMIT than MOD, and no difference was
observed in the HRV responses between LIT and SMIT despite significantly higher lactate values
and RPE measured in SMIT. This is also contradictory to the results of Niewiadomski et al. [13] who
found a greater decrease in HRV one hour after a supramaximal session (2 x 30 s Wingate) compared
to a moderate intensity session (30 min 85 %/HRmax). In addition, Buchheit et al. [35] have suggested
that the delay in parasympathetic reactivation is mainly related to the contribution of anaerobic
processes. However, maximum heart rate [13], as well as mean heart rate and blood lactate levels
[35] during supramaximal exercises were substantially higher compared to the present study, which
may relate to a lower cardiovascular load and the sympathetic nervous system activity during the
session. It should be also acknowledged that there is a wide range of anaerobic interval sessions
differing in the intensity, work:relief-ratio and anaerobic glycolytic energy contribution [36]. Further
studies are needed to understand how manipulation of these variables would affect the

parasympathetic reactivation following anaerobic exercise.

10
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Acute changes in CMJ occurred oppositely when compared to HRV responses. While no change was
observed after HIIT or MOD, jump height decreased after LIT and SMIT. Previously, Boullosa et al.
[21] have found improved CMJ performance after intensive running sessions in endurance-trained
athletes. Because both the intensity and the work:relief-ratio of the interval exercise significantly
affect neuromuscular demands of the session [36], it is somewhat expected that supramaximal
intervals may induce different types of response compared to the intervals of lower intensity.
Wiewelhove et al. [37] reported decreased CMJ performance after sprint interval training, while
aerobic high-intensity training did not induce such an effect. Blood lactate is probably not the main
contributor behind this difference as improved CMJ performance has been observed in the absence
of higher blood lactate values [21] compared to the present study. In general, it is thought that
neuromuscular fatigue after high-intensity exercise is mainly peripheral and caused by contractile
mechanisms disturbances [11, 38], while fatigue induced by longer duration activities are mainly of
central origin observed as decreased voluntary activation [11] or changes in stretch-reflex sensitivity
and muscle stiffness [39]. It is plausible that different mechanisms are behind the CMJ decrease
observed after LIT and SMIT, and the time needed to recover is longer after SMIT, at least in

recreationally trained athletes.

All cardiorespiratory, metabolic and perceptual measures during the submaximal running test were
quite similar between the sessions, and the responses were mainly in line with previous studies using
similar types of running protocols [5, 6, 7]. Heart rate and RPE during submaximal running test
increased after all sessions, with a concurrent decrease in RER indicating higher reliance on fat as a
substrate despite the nature of the preceding exercise. Oxygen consumption during submaximal
running test increased slightly, but still significantly only after continuous sessions. This was
somewhat surprising and in contrast to the results reported by previous studies [5, 7]. However, effect
sizes in acute responses remained trivial after all sessions, so any major difference between session
types cannot be stated. Blood lactate during the submaximal running test remained elevated after
SMIT, which was probably mainly the outcome of a higher absolute value after the exercise itself. A
longer recovery period seems to be necessary for lactate clearance after such a session. Increases in
body core temperature and sympathetic nervous system activity along with dehydration and a
decrease in blood volume are likely the main contributors to the cardiovascular responses observed
in the present study [40]. Increased heart rate may also contribute to the impaired running economy
[41]. Muscle glycogen content has been shown to decrease after prolonged as well as high-intensity
exercises [42], and its depletion further influences substrate utilization [43] and oxygen cost during

running [44]. It is plausible that running sessions of the present study did not induce significant

11
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differences in the aforementioned factors. The lack of major differences between the sessions in the
submaximal running test could also be related to the time frame of the measurement, as some session-
related effects may have already disappeared at the time point used in the current study (post 18-20

min).

24-hour recovery

Supine HRYV returned to baseline in 24 hours after all sessions. Stanley et al. [15] concluded in their
review, that cardiac autonomic recovery after strenuous exercise may take up to 24-48 hours. The
lack of any differences within or between the sessions at post24 could possibly be related to
methodological differences between nocturnal and daytime recordings. It is well known that HRV is
affected by many external factors especially during the daytime [12], which makes it challenging to
find significant changes in the autonomic modulation caused by a single training session. While
nocturnal HRV has remained suppressed after a moderate and heavy endurance exercise [45],
Niewiadomski et al. [13] measured HRV in the laboratory conditions, and found no change compared

to baseline 24 hours after moderate or high-intensity training sessions.

Recently, it has been observed that the recovery of the neuromuscular performance and markers of
muscle damage follow different patterns than HRV after strength training exercise [20]. Similar
observations were found in the present study, as HRV was fully recovered at 24 hours after all
sessions, but CMJ performance after SMIT remained decreased and muscle soreness was apparent
after LIT and SMIT. Although it should be acknowledged that effect size of the pre-post24 change
in CMJ was trivial after all sessions, it is likely that cardiac parasympathetic reactivation after exercise
does not reflect all aspects crucial to recovery in endurance training, such as repletion of the energy

stores and neuromuscular performance [12, 15].

All physiological variables measured during the submaximal running test recovered at least to
baseline levels at 24 hours after all exercises with no significant differences between the sessions.
However, increased perceived exertion during the submaximal running test was still apparent after
both interval exercises and muscle soreness were increased after LIT and SMIT. All these changes
took place despite the significantly decreased heart rate in the submaximal running test. In addition
to increased muscle soreness and perceived exertion during the submaximal running test, also CMJ
remained decreased at 24 hours after SMIT, which emphasizes the high neuromuscular demand of
these types of sessions, which is also supported by Wiewelhove et al. [37]. It is possible that in
addition to peripheral factors [11], high mechanical load of the running speed that recreational
endurance athletes may be unaccustomed to further amplified the neuromuscular fatigue and time
needed to recover after SMIT.
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Like resting HRV, heart rate recordings during exercise could also be affected by multiple external
factors, and a natural day to day variation during submaximal exercise can be up to 3-8 bpm [46].
Taking this into account, it was interesting that the heart rate during submaximal running test
decreased significantly at 24 hours after all sessions by 3-4 bpm. Previously, submaximal running
tests have mainly been studied after intensive training or the competition period, while effects of a
single session have been less examined. Siegl et al. [47] found heart rate decrements of 3 bpm (70
%/VVO2max) and 2 bpm (85 %/vVO2amax) With a concurrent increase of RPE two days after an
ultramarathon event. Other studies have failed to show any differences in submaximal heart rate 1-4
days after a 30 min high-intensity run [48] or 1-3 days after a 26 km run at an intensity of 80 %/HRmax
[49]. One possible reason for heart rate decrease during submaximal exercise could relate to an
increase in plasma volume [12], but this variable was not measured in the present study and the actual

reason remains inconclusive.

Running economy is an important determinant of endurance performance [41], and a recovery pattern
of the economy would therefore be an important aspect to examine. In the present study, oxygen
consumption as well as RER during the submaximal running test returned to the baseline level at 24
hours after all sessions. This was not surprising though already acute responses in the oxygen
consumption could be stated as trivial after all sessions. In previous studies, running economy has
recovered 24 hours after a 30 min high-intensity run [48], 26 km run at the intensity of 80 %/HRmax
[49] as well as 48 hours after a marathon [50]. Despite exercise-induced fatigue potentially declining
running economy via multiple mechanisms [41], it seems that metabolic recovery occurs quite
rapidly, and running economy will not likely be impaired in the following day of a single intensive

or prolonged low-intensity training session.

Despite clear relationships between maximal and submaximal endurance performance [19] results of
the submaximal tests are sometimes complicated to interpret. Similar changes in submaximal heart
rate can be a sign of a positive training adaptation [19] or negative adaptation indicating
fatigue/overreaching [51]. Similarly, it may be difficult to make assertions relating blood lactate
values during submaximal exercise [51]. In the present study, RPE during the submaximal running
test remained elevated after both interval sessions despite the decreased heart rate and the baseline
level blood lactate values. Because maximal performance was not measured in the present study, it is
difficult to ascertain whether the changes in perceptual markers would be a sign of decreased maximal
performance. However, Marcora and Bosio [52] found that exercise-induced muscle damage and
muscle soreness may impair 30 min maximal time-trial running performance. The authors suggested

that the performance impairing effect might be mediated by the increased sense of effort during the
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time trial caused by muscle soreness [52]. Therefore, it seems reasonable to assume that higher
perceptual effort at the submaximal level and increased muscle soreness may also have influenced

maximal performance.

Study limitations

The study population consisted of recreationally endurance-trained men and the results cannot be
straightforwardly transferred to well-trained or elite-athletes. Although the physiological
characteristics of each intensity zone are likely quite universal, more studies are needed to confirm
the findings among high-level athlete populations and in both sexes. Because the follow-up
measurements were not performed later than 24 hours after each session, all variables did not reach
the baseline in all subjects. It could not, therefore, be concluded, what would have been the time
frame to recover for each of the variables. Training sessions of the present study were not matched
for training load but were instead chosen as one representative session type of each intensity zone.
Changing session intensity or duration would possibly influence the results, so further studies are
needed to grow the understanding of how manipulation of these variables would affect responses and
recovery. Lastly, although trying to standardize the testing protocol and days surrounding it, there
remain some aspects that may potentially influence recovery within and between individuals such as

nutrition, sleep, or leisure-time activity.
Conclusions

In conclusion, the results of the present study highlight differences in the physiological demands of
the running sessions performed and distinct recovery patterns following these sessions in the
measured variables of performance and training state. The delay of the parasympathetic reactivation
after endurance exercise seems to relate to the intensity and cardiovascular load of the preceding
session. Running sessions of a long-duration or a supramaximal intensity have high neuromuscular
demands, observed as acute decreases in neuromuscular performance, and increased muscle soreness
24 hours afterwards. Cardiovascular and metabolic recovery occurs rapidly, and these components of
physical performance are not likely compromised 24 hours after a single intensive or a low-intensity
prolonged session. Because subjective markers may give even contradictory results when compared
to the objective measurements, it would be recommended to combine information from different

sources, when estimating the actual recovery state and readiness to train.
REFERENCES

[1] Seiler S, Tannessen E. Intervals, thresholds, and long slow distance: the role of intensity and
duration in endurance training. Sportscience 2009; 13

14



10
11

12
13

14
15
16

17
18

19
20

21
22

23
24

25
26

27
28

29
30

[2] Cicioni-Kolsky D, Lorenzen C, Williams MD et al. Endurance and sprint benefits of high-intensity
and supramaximal interval training. Eur J Sport Sci 2013; 13: 304-311

[3] Gibala MJ, Little JP, Van Essen M et al. (2006). Short-term sprint interval versus traditional
endurance training: similar initial adaptations in human skeletal muscle and exercise performance. J
Physiol 2006; 575: 901-911

[4] Abbiss CR, Laursen PB. Models to explain fatigue during prolonged endurance cycling. Sports
Med 2005; 35:865-98

[5] James DV, Doust JH. Oxygen uptake during moderate intensity running: response following a
single bout of interval training. Eur J Appl Physiol Occup Physiol 1998; 77: 551-555

[6] Xu F, Montgomery DL. Effect of prolonged exercise at 65 and 80% of VO2max on running
economy. Int J Sports Med 1995; 16: 309-313

[7] Zavorsky GS, Montgomery DL, Pearsall, DJ. Effect of intense interval workouts on running

economy using three recovery durations. Eur J Appl Physiol Occup Physiol 1998; 77: 224-230

[8] Bertuzzi R, Lima-Silva AE, Pires FO et al. Pacing strategy determinants during a 10-km running
time trial: contributions of perceived effort, physiological, and muscular parameters. J Strength Cond
Res 2013; 28: 1688-1696

[9] Le Meur Y, Louis J, Aubry A et al. Maximal exercise limitation in functionally overreached

triathletes: role of cardiac adrenergic stimulation. J Appl Physiol 2014; 117: 214-222

[10] Kaikkonen P, Nummela A, Rusko H. Heart rate variability dynamics during early recovery after
different endurance exercises. Eur J Appl Physiol 2007; 102: 79-86

[11] Carroll TJ, Taylor JL, Gandevia SC. Recovery of central and peripheral neuromuscular fatigue
after exercise. J Appl Physiol 2017; 122: 1068-1076

[12] Buchheit M. Monitoring training status with HR measures: do all roads lead to Rome? Front
Physiol 2014; 5: 73

[13] Niewiadomski W, Gasiorowska A, Krauss B et al. Suppression of heart rate variability after
supramaximal exertion. Clin Physiol Funct I 2007; 27: 309-319

[14] Seiler S, Haugen O, Kuffel E. Autonomic recovery after exercise in trained athletes: intensity
and duration effects. Med Sci Sports Exerc 2007; 39: 1366-1373

[15] Stanley, J., Peake, J. M., & Buchheit, M. (2013). Cardiac parasympathetic reactivation following
exercise: implications for training prescription. Sports Med 2013; 43: 1259-1277

15



10
11
12

13
14

15
16

17
18

19
20

21
22

23
24

25
26

27

28

29
30

[16] Nuuttila OP, Nikander A, Polomoshnov D et al. Effects of HRV-guided vs. predetermined block
training on performance, HRV and serum hormones. Int J Sports Med 2017; 38: 909-920

[17] Vesterinen V, Nummela A, Heikura | et al. Individual endurance training prescription with heart
rate variability. Med Sci Sports Exerc 2016; 48: 1347-1354

[18] Capostagno B, Lambert MI, Lamberts RP. Standardized versus customized high-intensity
training: effects on cycling performance. Int J Sport Physiol 2014; 9: 292-301.

[19] Vesterinen V, Nummela A, Laine T et al. A submaximal running test with postexercise cardiac
autonomic and neuromuscular function in monitoring endurance training adaptation. J Strength Cond
Res 2017; 31: 233-243

[20] Thamm A, Freitag N, Figueiredo P et al. Can Heart Rate Variability Determine Recovery
Following Distinct Strength Loadings? A Randomized Cross-Over Trial. Int J Environ Res Public
Health 2019; 16: 43-53

[21] Boullosa DA, Tuimil JL. Postactivation potentiation in distance runners after two different field
running protocols. J Strength Cond Res 2009; 23: 1560-1565

[22] Boullosa D, Del Rosso S, Behm DG et al. Post-activation potentiation (PAP) in endurance sports:
A review. Eur J Sport Sci, 2018; 18: 595-610

[23] Le Meur Y, Pichon A, Schaal K et al. Evidence of parasympathetic hyperactivity in functionally
overreached athletes. Med Sci Sports Exerc 2013; 45: 2061-2071

[24] Harriss DJ, Macsween A, Atkinson G. Standards for ethics in sport and exercise science research:
2020 update. Int J Sports Med 2019; 40: 813-817

[25] Durnin JV, Rahaman MM. The assessment of the amount of fat in the human body from
measurements of skinfold thickness. Br J Nutr 1967; 21: 681-689

[26] Kaikkonen P, Hynynen E, Mann T et al. Can HRV be used to evaluate training load in constant
load exercises?. Eur J Appl Physiol 2010; 108: 435-442

[27] Edwards, S. High performance training and racing. In: The Heart Rate Monitor Book, S. Edwards
(Eds). Sacramento, CA: Feet Fleet Press, 1993: 113-123

[28] Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc 1982; 14: 377-81
Faude O, Kindermann W, Meyer T. Lactate threshold concepts. Sports Med 2009; 39: 469-490

[29] Bourdillon N, Schmitt L, Yazdani S et al. Minimal window duration for accurate HRV recording
in athletes. Front Neurosci 2017; 11: 456

16



10

11

12
13

14
15

16
17

18
19

20
21

22
23

24
25

26
27

28
29

[30] Krej¢i, J., Botek, M., & McKune, A. J.. Stabilization period before capturing an ultra-short vagal
index can be shortened to 60 s in endurance athletes and to 90 s in university students PloS one
2018; 13.

[31] Bosco C, Luhtanen P, Komi PV. A simple method for measurement of mechanical power in
jumping. Eur J Appl Physiol 1983; 50: 273-282

[32] Laurent CM, Green JM, Bishop P et al. A practical approach to monitoring recovery:

development of a perceived recovery status scale. J Strength Cond Res 2011; 25: 620-628

[33] Ahtiainen JP, Pakarinen A, Kraemer WJ et al. Acute hormonal and neuromuscular responses and
recovery to forced vs. maximum repetitions multiple resistance exercises. Int J Sports Med 2003; 24:
410-418

[34] Cohen, J. A power primer. Psychol Bull 1992; 112: 155-159

[35] Buchheit M, Laursen PB, Ahmaidi S. Parasympathetic reactivation after repeated sprint
exercise. Am J Physiol Heart Circ 2007; 293: 133-141

[36] Buchheit M, Laursen PB. High-intensity interval training, solutions to the programming
puzzle. Sports Med 2013; 43: 927-954

[37] Wiewelhove T, Fernandez-Fernandez J, Raeder C et al. Acute responses and muscle damage in
different high-intensity interval running protocols. J Sports Med Phys Fit 2016; 56: 606-615

[38] Skof B, Strojnik V. Neuro-muscular fatigue and recovery dynamics following anaerobic interval
workload. Int J Sports Med 2006; 27: 220 —225

[39] Avela J, Komi PV. Reduced stretch reflex sensitivity and muscle stiffness after long-lasting

stretch—shortening cycle exercise in humans. Eur J Appl Physiol Occup Physiol 1998; 78: 403-410

[40] Coyle EF, Gonzalez-Alonso J. Cardiovascular drift during prolonged exercise: new perspectives.
Exerc Sport Sci Rev 2001; 29: 88-92

[41] Lambert MI, Burgess TL. The effects of training, muscle damage and fatigue on running
economy. Int Sport Med J 2010; 11: 363-379

[42] Areta JL, Hopkins WG. Skeletal muscle glycogen content at rest and during endurance exercise
in humans: a meta-analysis. Sports Med 2018; 48: 2091-2102

[43] Kimber NE, Heigenhauser GJ, Spriet LL et al. Skeletal muscle fat and carbohydrate metabolism
during recovery from glycogen-depleting exercise in humans. J Physiol 2003; 548: 919-927

17



10

11
12

13
14

15
16

17
18

19

20

21
22
23
24

25
26
27
28
29
30

[44] Lacour JR, Bourdin M. Factors affecting the energy cost of level running at submaximal
speed. Eur J Appl Physiol 2015; 115: 651-673.

[45] Hynynen E, Vesterinen V, Rusko H, et al. Effects of moderate and heavy endurance exercise on
nocturnal HRV. Int J Sports Med 2010; 31: 428-432

[46] Lamberts RP, Lambert MI. Day-to-day variation in heart rate at different levels of submaximal

exertion: implications for monitoring training. J Strength Cond Res 2009; 23: 1005-1010

[47] Siegl A, Kbsel EM, Tam N et al. Submaximal markers of fatigue and overreaching; implications
for monitoring athletes. Int J Sports Med 2017; 38: 675-682

[48] Morgan DW, Martin PE, Baldini FD et al. Effects of a prolonged maximal run on running
economy and running mechanics. Med Sci Sports Exerc 1990; 22: 834-840

[49] Quinn TJ, Manley MJ. The impact of a long training run on muscle damage and running economy

in runners training for a marathon. J Exerc Sci Fit 2012; 10: 101-106

[50] Kyrdldinen H, Pullinen T, Candau R et al. Effects of marathon running on running economy and
kinematics. Eur J Appl Physiol 2000; 82: 297-304

[51] Le Meur Y, Hausswirth C, Natta F et al. A multidisciplinary approach to overreaching detection
in endurance trained athletes. J Appl Physiol 2012; 114: 411-420

[52] Marcora SM, Bosio A. Effect of exercise-induced muscle damage on endurance running
performance in humans. Scand J Med Sci Sports 2007; 17: 662-671

Figure legends

Figure 1. Pre, Post and Post24 measurements around each training session. Supine HRV, supine heart
rate variability; SRT, submaximal running test; CMJ, countermovement jump; LIT, low-intensity
session; MOD, moderate-intensity session; HIT, high-intensity interval session; SMIT,

supramaximal intensity interval session.

Figure 2. Mean (black line) and individual values (dots) in the relative changes compared to baseline
in supine INRMMSD. ***p<0.001, **p<0.01, *p<0.05 significant difference compared to the baseline
within session. ###p<0.001, ##p<0.01, #p<0.05 significant difference in the relative change from the
baseline between sessions. INRMSSD, natural logarithm of the square root of the mean sum of the
squared differences. LIT, low-intensity session; MOD, moderate-intensity session; HIIT, high-

intensity interval session; SMIT, supramaximal intensity interval session.
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Figure 3. Mean (black line) and individual values (dots) in the relative changes compared to baseline
in countermovement jumps.***p<0.001, **p<0.01, *p<0.05 significant difference compared to the
baseline within session. ###p<0.001, ##p<0.01, #p<0.05 significant difference in the relative change
from the baseline between sessions. CMJ, countermovement jump; LIT, low-intensity session; MOD,
moderate-intensity session; HIIT, high-intensity interval session; SMIT, supramaximal intensity

interval session.

Table legends
Table 1. Basic characteristics of the subjects (n=24)
Table 2. Results of four running sessions performed.

Table 3. Baseline values (Pre), acute responses (Post), post 24-hour recovery (Post24) and effect
size of the changes (ES) in submaximal running test.
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