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ABSTRACT:

This study systematically reviewed and quantified the effects of running a long-distance
race (LDR) on heart rate variability (HRV) and arterial stiffness (AS). All types of races
of a distance equal to or greater than a marathon (>42.2 km) were included. A total of
2,220 articles were identified, 52 were included in the qualitative analysis, and 48 were
meta-analysed. The standardised mean difference pre- post-race of various time-domain
and frequency-domain indices of HRV, mean arterial blood pressure (MAP), systolic
blood pressure (SBP), diastolic blood pressure (DBP), and carotid-femoral pulse wave
velocity (cfPWV) was calculated. Regarding HRV, there was a significant decrease in
most of the variables considered as markers of parasympathetic activity, indicating a shift
of autonomic balance toward a reduced vagal tone. Regarding vascular variables, there
was a significant drop in blood pressure and reduced AS. In conclusion, running an LDR
seems to have a considerable acute effect on the autonomic nervous system,
haemodynamics, and vascular properties. The observed effects could be categorised
within the expected acute responses to long-lasting, strenuous exercise.

Keywords: Autonomic nervous system; heart rate variability; arterial stiffness; long-distance
races; running
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LIST OF ABBREVIATIONS

Autonomic nervous system

Arterial stiffness

Blood pressure

Carotid-femoral pulse wave velocity

Confidence interval

Cardiovascular

Cardiovascular disease

Diastolic blood pressure

High-frequency band

Ratio high frequency/low frequency power

Heart rate

Heart rate variability

Integrated quality criteria for the systematic review of multiple study designs
Long-distance race

Low-frequency band

Mean arterial pressure

Preferred reporting items for systematic reviews and meta-analyses
International prospective register of systematic reviews

Pulse wave velocity

Square root of the mean squared differences of successive NN intervals
Systolic blood pressure

Standard deviation

Standard deviation of the NN intervals

Standard error of the mean

Standardized mean difference

Word count: 7,191 words
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TEXT

1. INTRODUCTION
The positive effects of regular moderate aerobic exercise on cardiovascular (CV) health
are well known?. Physical activity in general, and aerobic exercise in particular, causes a
transient CV homeostatic disruption that, followed by an adequate recovery, produces
positive adaptations in the CV system?. Nevertheless, prolonged strenuous exercise has
been found to cause cardiac fatigue?, arterial stiffness (AS)* and other increased CV
disease (CVD) risk factors®. Thus, despite that many studies have investigated this topic,
it is still unclear which dose of exercise (i.e., volume, intensity, and modality) optimises
or counteracts CV health benefits®.
Participation in a long-distance race (LDR), such as a marathon or an ultra-marathon,
represent an external physiological stressor due to the high exercise volume and the
intrinsic competitive nature of the race’. LDRs have increased substantially in popularity
and number of participants over the last few years®-°. This fact has significantly increased
the interest within the research community. However, there is currently no consensus on
the beneficial, neutral, or negative impact of an LDR on some CV variables, such as
systolic function, vascular function, or inflammatory markers* 1113,
Exercise-induced changes in vascular properties, haemodynamics, and autonomic
nervous system (ANS) regulation have been shown to play a fundamental role in CV
adaptations after prolonged exercise!* . The ANS has an important influence on the
regulation of heart rate (HR) and blood pressure (BP), and those are closely related to
vascular properties and haemodynamics, both important parameters in the study of the
CVD risk!6 17,
HR variability (HRV) assessment is one of the most widely used methods employed to
provide noninvasive indicators of ANS activity!® 1 and its interpretation has been
explained extensively in previous literature!8-2L,
The stressful nature of the aerobic exercise associated with an LDR typically induces an
increase in sympathetic activity and parasympathetic withdrawal in comparative terms to
basal conditions?® 23, However, the magnitude of the autonomic balance disruption after
an LDR requires greater description?® given that it may be influenced by both
methodological factors of the study design, such as the timing of the measurement post-
exercise’® or the position of the body during the assessments?>, and intrinsic

characteristics of the LDR itself, such as distance?® or characteristics of the terrain on
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which it is run (e.g., mountain?’, large altitude variation?®). Of course, individual factors,
such as aerobic fitness levels, also influence the responses®®.

The post-LDR HRV’s timing of measurement is an important methodological factor to
be considered when analysing ANS responses. The overall pattern of ANS following
exercise shows an initial decrease of parasympathetic activity immediately post-exercise,
followed by a progressive increase of its activity until it recovers the typical activity of
the resting values®®. Stanley et al.® quantitatively summarized the findings of eight
studies that reported cardiac parasympathetic reactivation values in the acute recovery
period following aerobic exercise. They found that the initial 10 min post-exercise elicits
a very large to an extremely large reduction in cardiac parasympathetic activity. They
also found that the recovery to near pre-exercise levels was produced within 90 min
following low- and threshold-intensity exercise. However, it was required up to 24 h
following low-intensity exercise and at least 48 h following high-intensity exercise for a
complete recovery. In addition, other methodological factors such as body position during
the assessment may influence the observed responses, with vagal modulations maximised
in the supine position and significantly reduced in other protocols?.

Exercise intensity has been proposed as a primary determinant of the post-exercise
recovery of HRV> 28 but it is not clear how the interaction between intensity and exercise
duration may influence the post-exercise recovery of HRV?. A recent review conducted
by Michael et al.?® has suggested that exercise duration may influence the magnitude of
the effect on HRV post-exercise when it is prolonged beyond some critical length but, to
date, the distance-dose response has not been clearly elucidated.

Regarding mountain LDRs, their main characteristic is that they are performed in a
natural 'off-road' environment and involve running over positive and negative slopes®.
Vernillo et al.?” concluded that mountain races are more physiologically demanding than
flat races, mainly because they involve running uphill and downhill. Additionally, some
of these races can reach high altitudes, adding extra physiological stress. In this respect,
Birtsch et al.?® established that altitude and the resulting hypoxia induce an increase in
HR and sympathetic modulation. Nevertheless, Yamamoto et al.®! found that only
altitudes higher than 3,500m had an increment in HR and sympathetic nervous system
indicator, and a decrement in parasympathetic nervous system indicator during exercise
at simulated altitude and hypoxia.

Regular aerobic exercise training has shown to have positive effects on vascular

properties, diminishing AS and BP3? *3, Regarding LDRs, despite a general trend toward
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decreased pulse wave velocity (PWV) after the race* 1234 a race distance influence has
been observed, with greater reductions in AS after 45 km of running than those measured
after an additional 30 km of running*. Conversely, some studies have reported acute
reductions in large artery compliance (the inverse of AS) following the participation in
ultra-marathon races® %,

The overall objective of this paper is to provide an overview of the effects of LDRs on
ANS and AS. This, in turn, will inform researchers, clinicians, coaches and practitioners
about the magnitude of changes as a function of distance, altitude and running terrain,
with important application in recreational and high-performance settings. Accordingly,
we aimed to conduct a systematic review and meta-analysis on the impact of LDRs on
HRV parameters and AS, and to identify race characteristics or methodological

moderators that may explain a significant proportion of the magnitude of these changes.

2. METHODS
This systematic review and meta-analysis was performed according to the methods
described in the Cochrane Handbook for Systematic Reviews of Interventions®” and
reported following the recommendations of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines®. The systematic review protocol was
registered with the International Prospective Register of Systematic Reviews
(PROSPERO: CRD42020192488).

2.1 Eligibility criteria
Studies were deemed eligible if they: (1) were published peer-reviewed in English or
Spanish language; (2) included healthy human adults (> 18 years); (3) investigated the
participation in a marathon or ultra-marathon footrace (> 42,2 km); and (4) reported pre-
and post-race measurements or change values of HRV, the considered gold standard for
non-invasive AS assessment, namely carotid-femoral PWV(cfPWV)*, or BP. Exclusion
criteria included studies that involved: (1) laboratory experiments (i.e. treadmill running);
(2) no pre- or post-race measurements.

2.2 Data sources and search strategy
The electronic databases of PubMed (MEDLINE), Scopus, SPORTDiscus and Web of
Science were systematically searched, covering the period from database inception to 18"
January 2021. The search strategy included terms for the three key outcomes: "heart rate
variability", "arterial stiffness"”, and "long-distance races". The different terms of the

respective outcomes were searched individually with Boolean operator OR, then
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combined using Boolean operator AND (heart rate variability AND long-distance races;
arterial stiffness AND long-distance races). The search strategies were modified for each
database to maximize sensitivity. The full search strategy is detailed in the Supplementary
Material Appendix S1.
Additionally, reference lists of relevant articles and reviews identified in the searches
were checked to find potentially relevant studies. Two authors conducted the literature
search, reviewed the titles and abstracts, and checked if the article could be included in
the review according to the inclusion criteria. Relevant articles were obtained in full, and
the same authors independently assessed for eligibility. Disagreements at any stage were
resolved by discussion. When consensus was not reached, a third author reviewed the
debated articles.

2.3 Outcome measures and data extraction
Sample sizes of the studies, characteristics of the subjects (age, sex and body mass index),
LDR details (distance, terrain, and maximum altitude achieved during the race), details
of the pre-post measurements (time before and after the race, technique and body
position), and main outcome measures (HRV and AS) were extracted from study reports
using a piloted extraction form. Outcome data were registered as means and standard
deviation (SD) or standard error of the mean (SEM). If adequate data for meta-analysis
was not reported, the corresponding author was contacted and asked for clarifications and
to provide missing data. When a response could not be obtained and relevant data were
graphed, Web Plot Digitizer*® was used to obtain data from figures, as described
previously*!. If subjects were repeatedly tested after the race, only the first measurement
following race cessation was used for analysis to avoid unit-of-analysis error®’,

2.4 Risk of bias assessment
The risk of bias within included studies was assessed using the integrated quality criteria
for the systematic review of multiple study designs (ICROMS) tool*?. Given the type of
studies included in the review (‘non-controlled before-after’), the 15 specific criteria
established by the ICROMS tool were applied. According to the assessment scale used,
the maximum quality score was 30, and according to the 'decision matrix' also included
in the ICROMS tool, the minimum score for each study to be included in the review was
22. However, since no clear gold standard for quality assessment method in the review of
observational studies exists, and misclassification of study quality may occur®®, we
catalogued the studies that did not reach the minimum score as studies with a 'high risk

of bias' rather than exclude them automatically. We then performed quantitative analyses
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by including and excluding studies classified as 'high risk of bias' to check whether they
might be altering the meaning or magnitude of the results.
2.5 Statistical analysis

2.5.1 Assessment of effect size. Meta-analyses were performed using
OpenMeta[Analyst]* *°. A random-effects model (DerSimonian-Laird method) was used
to account for possible between-study heterogeneity regarding study design, the
methodology used to assess HRV and AS, and subject's characteristics®’. Hedges' g
corrected standardized mean difference (SMD), and 95% confidence intervals (CI) values
were calculated as the difference in means before and after the LDR divided by the pooled
standard deviation. Separate meta-analyses were performed with those variables for
which the effect size could be calculated from the reported results in at least four different
studies. This was possible for HR, five HRV related variables (the standard deviation of
the NN intervals (SDNN), the square root of the mean squared differences of successive
NN intervals (RMSSD), power in the low-frequency band (LF), power in the high-
frequency band (HF), LF/HF ratio), and for four AS related variables (cfPWV, systolic
blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP)).
The SMD measure was used to express effect size pre-post LDR, and its interpretation
followed Cohen's classification. Consequently, SMD values of 0.2-0.5, 0.5-0.8, and >0.8
were interpreted as small, moderated and large effect sizes, respectively*®. Data originally
reported as mean + standard error or mean + Cl were converted to mean + standard
deviation for consistency following Cochrane guidelines®’. Data reported in logarithm-
scale were transformed to raw data as described by Higgins et al.*’ to enable meta-analysis
on the raw-scale alongside other included studies. P values less than 0.05 were considered
statistically significant.

2.5.2 Assessment of heterogeneity. The heterogeneity level in the network of studies
was expressed via the magnitude of the between-study variance Tau-square®’. The null
hypothesis of homogeneity of true effects was tested using Q-test. The variability in effect
estimates due to heterogeneity rather than sampling error (chance) was assessed by the 12
statistic. The 12 values of 30-50%, 50-75%, and >75% were interpreted as moderate,
substantial and considerable heterogeneity, respectively®'.

2.5.3 Publication bias. We searched for potential publication bias by visually analysing
funnel plots symmetry. Effect estimates were plotted against the standard error of the
effect estimate on the vertical axis. Despite the well-documented limitations on this

simplistic interpretation, asymmetrical funnel plots were considered to indicate a high
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risk of publication bias, while symmetrical funnels plots were considered to indicate low
risk3’. Egger’s regression asymmetry test was also used, taking values of <0.10 as a
reference to determine the possibility of publication bias®” *¢. Additionally, and also
despite its known limitations®’. the Rosenthal's Fail-Safe N sensitivity test*® was
calculated to explore publication bias's potential when the funnel plot showed asymmetry.
2.5.4 Effect modifiers analysis. Moderator analyses were conducted using subgroups
analyses and meta-regressions. Separate meta-analyses were performed for the relevant
subgroups with those outcomes reported in more than ten studies®’. Differences between
subgroups were examined by checking the confidence interval of each summary mean
difference® . In addition, differences between subgroups were also investigated via meta-
regression. This was possible only for the following three outcomes: HR, SBP, and DBP.
The pre-specified characteristics subject to subgroup analyses and meta-regression were:
(i) time point of post-race assessment (< 30 minutes, 31-60 minutes, and > 60 minutes
after race cessation); (ii) body position during assessments; (iii) race length (marathon,
ultra-marathon); (iv) type of race (road, off-road); (v) maximum altitude above sea level
achieved during the race (< 2000 m: “low altitude”, > 2000 m: “moderate/high

altitude™)?®.

3. RESULTS

3.1 Study selection
The initial search identified 2,220 articles, and four additional articles were identified
following inspection of the reference lists of relevant articles. After removing duplicates,
1,073 articles were screened by their titles, and 170 articles were selected. Abstracts of
the selected articles were then screened, and 103 were excluded, leaving 67 articles for
full-text review. Fifteen articles were excluded due to the following reasons: (i) reported
outcome measures not included in the present review (n=10) ; (ii) no LDR (n=3) ; (iii) no
pre- post-LDR assessment (n=2). A total of 52 articles were included in the qualitative
analysis. Six studies provided data in an unsuitable form for SMD calculation, and their
authors were contacted by e-mail. Two of them replied and provided the requested data>*
51, The other four could not be effectively contacted, or no response was received, and
therefore could not be included in the quantitative analysis*® 5254, Thus, a total of 48
studies were included in the meta-analysis. Figure 1 illustrates the study selection process
in a PRISMA flow diagram.
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***Ejgure 1 around here***

3.2 Study characteristics
The main characteristics of the fifty-two included articles are summarized in Table 1.
3.2.1 Population. This review includes 1,245 subjects in the quantitative analysis, of
which 1,027 are men, 130 women, and 88 are unknown. All athletes were over 18 years
of age, and the mean age ranged from 27.4 to 51.6 years of age.
3.2.2 LDR. Twenty-three studies assessed the effects of running a road marathon (42.2
km on flat course), one studied an off-road marathon (42.2 km on trail terrain with altitude
changes), nine studied road ultra-marathons (> 42.2 km on flat course) ranging from 80
to 246 km, and twenty-five studied off-road ultra-marathons (> 42.2 km on trail terrain
with altitude changes), ranging from 46 to 195 km. Note that the number of studies sums
up to 58 because five articles reported the results of two subsamples separately* 365154
% and one article of three subsamples separately'2. From those studies which reported the
maximum altitude above sea level achieved during the race, twenty-six were under 1,000
m of altitude, four ranged from 1,000 to 2,000 m, eight ranged from 2,000 to 3,000 m,
and three achieved an altitude higher than 3,000 m (4,400 m maximum).

***Table | around here***

3.3 Risk of bias
The average ICROMS score for all studies was 25.3 out of a possible maximum score of
30. Thirty-five studies obtained a score greater than 25, of which five obtained the
maximum score. Only two studies were classified as "high risk of bias" for receiving a
score of less than 22. The summary of the risk of bias within studies is presented in Table
2.

***Table |l around here***

Supplementary material Appendix S2 shows funnel plots for those outcomes with at least
ten studies included in the meta-analysis, namely HR, RMSSD, MAP, SBP, and DBP.
Visual inspection did not suggest publication bias for RMSSD, SBP and DBP, but showed
a slight asymmetrical appearance for HR, and MAP, suggesting either publication bias or
true nonexistence of the studies that would be located in the areas of the base where they
are now missing. However, Egger’s test did not show potential publication bias neither

for HR (p = 0.78) nor for MAP (p = 0.67). Furthermore, Rosenthal's fail-safe N test
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showed that 23,591 missing samples would be needed to make the correlation
nonsignificant for HR, and 157 for MAP, suggesting that publication bias, if exists, would

have only a minimal influence on the observed correlations.

3.4 Meta-analyses

3.4.1 HRV. HR and time-domain indices of HRV, such as RMSSD, and SDNN were
reported in forty-eight, ten, and seven studies respectively. The pooled analysis revealed
a significant large increase in HR (figure 2 ; SMD = 2.07 ; 95% CI 1.87, 2.27 ; p <0.01),
and a significant large decrease in RMSSD (figure 3 (A); SMD = -0.81; 95% CI -1.18, -
0.44; p < 0.01) and SDNN (figure 3 (B); SMD = -0.90; 95% CI -1.40, -0.41; p < 0.01).
Significant substantial heterogeneity between studies was observed in the three outcomes:
HR (1 = 68.91%; p < 0.01), RMSSD (I? = 55.31%; p = 0.02), and SDNN (12 = 67.50%;
p < 0.01). Frequency-domain variables such as LF and HF power were reported in nine
studies, and LF/HF ratio was reported in eight studies. No significant change was
observed in LF (figure 4 (A); SMD = -0.12; 95% CI -0.49, 0.24; p = 0.51), whereas a
significant moderated decrease in HF (figure 4 (B); SMD = -0.64; 95% CI -0.90, -0.39; p
< 0.01), and a significant small increase in LF/HF ratio (figure 4 (C); SMD = 0.42; 95%
C10.08, 0.76; p < 0.01) was found. Significant moderate heterogeneity between studies
was observed in LF (12 = 49.45%; p = 0.05), whereas non-significant no heterogeneity
was observed in HF (12 = 0%; p = 0.56) and LF/HF ratio (1? = 36.45%; p = 0.14).
***Eigure 2 around here***

***Eigure 3 around here***

***Ejgure 4 around here***

3.4.2 AS. CfPWV was reported in eight studies. As seen in figure 5, a small but significant
decrease was observed post-race (SMD = -0.39; 95% CI -0.69, -0.09; p = 0.01). No
significant moderate heterogeneity between studies was found (1> = 34.89%; p = 0.15).
Similarly, a significant reduction in BP was identified following an LDR, with significant
negative SMD post-race compared to pre-race in SBP, DBP and MAP. As shown in figure
6 (A), there was a significant large decrease in SBP (SMD = -0.81; 95% CI -0.94, -0.67;
p < 0.01), with significant moderate heterogeneity between studies (I = 51.68%; p <
0.01). A moderated significant decrease in DBP and MAP was also observed (figure 6
(B); SMD =-0.77; 95% CI -0.93, -0.60; p <0.01; and figure 6 (C); SMD =-0.74; 95% CI
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-1.1, -0.39; p < 0.01 respectively), both with substantial heterogeneity between studies (12
= 62.18%; p < 0.01; and 1> = 60.06%; p < 0.01 respectively).
***Ejgure 5 around here***

***Ejgure 6 around here***

3.5 Additional analyses
Subgroup analyses and meta-regressions were performed for outcomes reported in more
than ten studies®’ (i.e. HR, SBP, and DBP). Supplementary material Appendix S3 shows
bubble plots of meta-regressions that reached statistical significance.
3.5.1 Timepoint of post-race assessment. Subgroup analysis revealed a significant
influence of the time point of post-race assessment on the magnitude of effects, only for
HR. When the studies were clustered in three subgroups (< 30 minutes, 31-60 minutes,
and > 60 minutes after race cessation), a difference between effect sizes pooled within
subgroups was found. The SMD for the subgroup of studies which assessed HR up to 30
min after race cessation was 2.11 (95% CI 1.87, 2.35; p < 0.01); 2.07 (95% CI 1.58, 2.56;
p < 0.01) within 31-60 min after the race; and 1.86 (95% CI 1.20, 2.52; p < 0.01) later
than 60 min after race cessation. The meta-regression showed a small but significant
association between time point of post-race assessment (min) and magnitude of effects
(covariate coefficient = -0.001; 95% CI -0.02, 0.00; p = 0.03).
3.5.2 Body position during assessments. Subgroup analysis revealed influence of the
body position during assessments pre- post-race on the magnitude of effects for BP.
Supine positions induced greater effects than seated positions on SBP (SMD =-0.85; 95%
Cl-1.00, -0.71; p < 0.01 vs SMD = -0.49; 95% CI -0.76, -0.22; p < 0.01) and DBP (SMD
=-0.67; 95% CI -0.84, -0.50; p < 0.01 vs SMD = -0.44; 95% CI -0.84, -0.03; p = 0.03).
However, the effect on HR was practically identical in studies that assessed it in the
supine position and those that assessed it in the seated position (SMD = 2.16; 95% CI -
1.90, 2.41; p<0.01 vs SMD =2.19; 95% CI 1.72, 2.16; p < 0.01).
3.5.3 Race distance. Subgroup analysis revealed influence of the race distance on the
magnitude of effects for HR, SBP, and DBP. When the studies were clustered in two
subgroups (marathon, ultra-marathon), a difference between effect sizes pooled within
subgroups was found. Marathon races induced greater effects than ultra-marathon races
on HR (SMD = 2.41; 95% CI 2.11, 2.71; p < 0.01 vs SMD = 1.81; 95% CI 1.59, 2.02; p
<0.01 respectively) and DBP (SMD = -0.77; 95% CI -1.04, -0.70; p < 0.01 vs SMD = -
0.75; 95% CI -0.96, -0.26; p < 0.01 respectively), whereas ultra-marathon races produced

12



©CO~NOOOTA~AWNPE

356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

greater effects than marathon races on SBP (SMD = -0.88; 95% CI -1.08, -0.67; p < 0.01
vs SMD =-0.73; 95% CI -0.89, -0.56; p < 0.01 respectively). The meta-regression showed
a small but significant association between race distance (km) and magnitude of effects
on HR (covariate coefficient = -0.004; 95% CI -0.08, 0.00; p = 0.04). Meta-regressions
with SBP and DBP did not reach statistical significance.

3.5.4 Terrain. Subgroup analysis revealed influence of the type of race on the magnitude
of effects for HR, SBP, and DBP. When the studies were clustered in two subgroups
(road, off-road), a difference between effect sizes pooled within subgroups was found.
Road races produced greater effects than off-road races on HR (SMD = 2.17; 95% ClI
1.91,2.44; p <0.01 vs SMD = 1.95; 95% CI 1.66, 2.24; p <0.01 respectively) SBP (SMD
=-0.87; 95% CI -1.04, -0.70; p < 0.01 vs SMD = -0.71; 95% CI -0.93, -0.49; p < 0.01
respectively), and DBP (SMD = -0.83; 95% CI -1.07, -0.58; p < 0.01 vs SMD = -0.67;
95% CI -0.85, -0.49; p < 0.01 respectively).

3.5.5 Altitude. Subgroup analysis revealed influence of the maximum altitude above sea
level achieved during the race on the magnitude of effects for HR, SBP, and DBP. When
the studies were clustered in two subgroups (“low altitude”, “moderate/high altitude™), a
difference between effect sizes pooled within subgroups was found. Low altitude races
produced greater effects than moderate/high altitude races on HR (SMD = 2.13; 95% ClI
1.87,2.39; p<0.01vs SMD =1.88; 95% ClI 1.49, 2.28; p < 0.01 respectively), SBP (SMD
=-0.90; 95% CI -1.06, -0.73; p < 0.01 vs SMD = -0.45; 95% CI -0.79, -0.20; p < 0.01
respectively), and DBP (SMD = -0.79; 95% CI -0.99, -0.59; p < 0.01 vs SMD = -0.61;
95% CI -0.85, -0.38; p < 0.01 respectively). However, meta-regressions with HR, SBP
and DBP did not reach statistical significance.

3.6 Synthesis of results

In summary, as shown in Table Ill, a significant decrease in the time-domain measures
(SDNN; RMSSD) and in the frequency-domain measure HF power, along with a
significant increase in HR and in the ratio of LF to HF power, were observed following
the participation in an LDR. Based on Cohen's classification, the effect was large (> 0.8)
on HR, RMSSD, and SDNN post-race, moderated (0.5-0.8) on Pnr, and small (0.2-0.5)
on LF/HF ratio.

Furthermore, a significant decrease in AS and BP was observed, with negative SMD pre-
post-race in cfPWV, SBP, DBP and MAP. Based on Cohen's classification, the effect was
large on SBP post-race, moderated on DBP and MAP, and small on cfPWV.
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Subgroup analyses and meta-regressions revealed a small but significant association
between timing of post-race measurement and pre-post change only for HR, indicating
that early post-race measurements were more likely to show greater effects on HR
compared to a later measurement. Pre- and post-race assessments in the supine position
showed a greater decrease in SBP and DBP than those in the seated position. The race
distance was associated with greater effects on SBP and with smaller effects on DBP and
HR. The regression coefficient only reached statistical significance for race distance and
HR, indicating that longer races (ultra-marathons) were more likely to show smaller
effects on HR post-race than shorter ones (marathons). Road races were associated with
greater HR, SBP, and DBP post-race decreases compared to off-road races. Finally, the
maximum altitude reached during the race was inversely associated with pre-post changes
on examined outcomes. Low altitude races showed greater decreases in HR, SBP, and
DBP than moderate/high altitude races. However, the regression coefficient did not reach
statistical significance A summary of subgroup analyses and meta-regressions is shown
in Table IV.

***Table |1l around here***

***Table IV around here***

4. DISCUSSION

The current systematic review with meta-analysis showed that LDRs are associated with
acute effects on HRV and AS. The pooled analysis identified reduced parasympathetic
activity of the ANS, and reduced AS and BP post-race. Additionally, distance and altitude
showed an inverse relationship with the effects' magnitude. Furthermore, road races seem
to induce larger effects than off-road races. From a methodological point of view, the
time elapsed between the end of the race and assessments showed an inverse relationship
with the magnitude of the effects on HR and BP. In addition, supine assessments showed
larger decreases in BP than those performed in a seated position.

The observed pre- post-LDR changes in ANS activity reflect the parasympathetic
withdrawal expected to occur as a result of exercise (indicated by a decrease in HRV)?.
Most of the studies have reported reduced HRV indices usually considered as markers of
overall variability?® such as SDNN?2* . 71,78, 93, 94 “and markers of parasympathetic
activity18 such as RMSSD24 61, 66, 71, 77-79, 91, 93’ and HF24, 57, 61, 63, 66, 71, 79, 91, 93’ Showing a
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typical acute response to a stressor stimulus (i.e. LDR)!. HR post-race, which may
provide a quantifiable measure of disturbances in autonomic control in response to
endurance exercise?®, showed the most remarkable change in the pooled analysis (SMD:
2.07). Current evidence indicates that HRV is more an indicator of parasympathetic than
sympathetic activity'® 2%, However, increased HR after exercise could also be an indicator
of increased sympathetic activity?®. Given our understanding of cardiac autonomic
control, post-exercise tachycardia would be influenced by both the withdrawal of
parasympathetic activity and the increase in sympathetic activity, among other factors?®
26 In this sense, since changes in parasympathetic activity are known to be quick and
short-lived, whereas the sympathetic nervous system can attenuate the parasympathetic
influence??, this result suggests that increased HR post-race probably reflects the increase
in sympathetic tone caused by the LDR. On a practical level, this means that, once the
LDR has finished, even though the stressor stimulus of exercise has ceased, the
sympathetic activity would remain increased for some time, returning to its basal level in
a time-dependent manner?®. Although these results indirectly support the hypothesis of
increased sympathetic activity, this assumption should be interpreted with caution, as
there are actually no HRV parameters that objectively assess sympathetic activity.26: %
The vast majority of the included studies assessed HR and HRV within 60 minutes post-
race. The HR showed an inverse relationship between the magnitude of the pre- post-race
effects and the time delay between the end of the race and the post-assessment when
studies were analysed by subgroups. That is, studies that evaluated later observed smaller
effects. A previous review concluded that cardiac parasympathetic reactivation
demonstrate a time-dependent recovery and eventual return to pre-exercise levels®®, and
this is also confirmed by the results of our meta-regression, which showed a small but
significant association between the time point of HR post-race assessment (min) and
magnitude of effects (covariate coefficient = 0.001). From a methodological point of
view, this enhances the importance of performing the post-exercise measurement at the
earliest possible time after the completion of the LDR to assess the real effects that it has
induced on the ANS. Additionally, it provides information regarding the monitoring of
recovery in the minutes post-exercise that can be taken as a practical reference.
Regarding the race characteristics that showed an influence on the magnitude of ANS
disturbance, our analysis suggests that marathon races cause greater disturbance than
ultra-marathon races, road races greater disturbance than off-road races, and low altitude

races greater disturbance than high altitude races. One possible explanation for these
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results is that exercise intensity is the key determinant of the ANS disturbance, in
agreement with the conclusions of a previous review on cardiac autonomic responses
conducted by Michael et al.?. Previous studies have concluded that an increase in the
race time may reduce relative exercise intensity®® %, and this could explain the inverse
correlation found between race length (km) and magnitude of effects pre-post on HR
(covariate coefficient = -0.004). Road races causing greater ANS disturbance than off-
road races could be explained by the higher pace on road races than on off-road ones¥,
despite Vernillo et al.?’ concluded that uphill and downhill running causes greater
physiological strain than level running. This difference may be because the dynamics of
muscle recovery (as studied by Vernillo et al.) and ANS (as analysed in our meta-
analysis), although related, do not follow a uniform linear relationship pattern, as seen in
previous studies®*. Similarly, low altitude races causing greater ANS disturbance than
high altitude races may seem counterintuitive, since it is well established that altitude and
acute hypoxia induce an increase in HR and sympathetic modulation?® . In this case, a
higher intensity in low altitude races may explain, again, this correlation. In a practical
sense, this compilation of results would indicate that, concerning the magnitude of the
ANS's effect, the intensity at which an LDR is run is more important than the LDR
characteristics, but bearing in mind that these characteristics, in turn, influence the
intensity of the race. However, since the exercise intensity was not reported in most of
the studies included in this review, interpretation of the correlations mentioned above
should be made with care. To confirm the aforementioned correlations, future studies will
need to be conducted controlling and assessing intensity in LDRs with different length,
terrain characteristics, and achieved altitude.

Concerning the AS, the decrease in cfPWV indicates that after running an LDR, there is
a decrease in the central (aortic) AS. This effect had previously been observed after
moderate-intensity and short-duration exercise®®, and the results of this review confirm
that it also occurs after long-duration and strenuous exercise, as is the characteristic of
LDRs. The significant and large drop in SBP post-race and the moderated drop on DBP
and MAP found in meta-analyses confirm a post-exercise hypotensive response, as
previously described following prolonged exercise®. In a practical sense, it should be
noted that this decrease in BP is considered a normal post-exercise physiological
response. Besides, that increased hypotension is not neccesarily associated with an
increased risk of syncope®. Interestingly, a recent review carried out by Mutter et al.*®

found that immediately post aerobic exercise (0-5 min), the AS of the central arterial
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segments is increased relative to resting values, and after that (>5 min) decreases to a
level at or below resting values. Given the data reported in the studies included in our
review and the intrinsic characteristics of assessments made at the end of a real race, we
assume that these were made after a time post-exercise greater than 5 minutes. Thus, the
results of our meta-analysis would be in line with the findings of this previous review. As
happened before with HR post-race measurements, this shows the methodological
importance to give consistent results. Even so, it should be noted that none of the reviewed
studies by Mutter et al. included an LDR (or a protocol of similar duration and intensity)
as the acute physical stressor.

Although most studies report reduced central AS following an LDR* 1234 87 this issue
remains open for debate since other important studies in the field have reported different
outcomes. Vlachopoulos et al.” found no significant differences in AS following a
marathon; Burr et al.>® reported decreased arterial compliance (opposite to AS) following
a mountain ultra-marathon (120-195 km), and Bonsignore et al.*® found increased arterial
compliance following an 80 km ultra-marathon, but decreased arterial compliance
following a 195 km ultra-marathon. It has been proposed that particularly long duration
races may have adverse effects on AS* however, this hypothesis has not been confirmed
by subsequent studies, where a decrease has been observed following 50, 80 and 160
km?2, Overall, the pooled analysis in our review has shown a decrease in central AS and,
therefore, not supports the hypothesis of adverse effects on AS caused by long duration
races. Nevertheless, we have analyzed AS through cfPWYV assessment following an LDR,
but we have not included arterial compliance outcomes. In this context, despite AS is the
theoretical inverse of arterial compliance, it has been proposed that these measures may
differ substantially because of the segments of the body where each method detect the
properties of the vessels (cfPWV: aorta; arterial compliance: estimation of all capacitance
vessels throughout the body)*. Thus, the hypothesis of a different effect on the aorta
versus a general effect on the rest of the blood vessels could be maintained. Hence, further
research analyzing differences in AS and arterial compliance assessment following a
LDR is required to confirm and clarify potential differences.

Regarding the race characteristics which showed an influence on the magnitude of the
drop on BP post-race, our analysis suggests that marathon races cause a greater reduction
in DBP than ultra-marathon races, but a smaller drop on SBP; road races greater reduction
on both SBP and DBP than off-road races; and low altitude races greater drop on both

SBP and DBP than high altitude races. In essence, the studied race characteristics had the
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same moderator effects on BP as on the HR discussed above except for race distance,
which positively correlates with the drop in SBP. That is, longer races produced a greater
reduction in SBP than shorter ones, the opposite for DBP and HR as discussed above.
Previous studies have found that systolic function requires a longer-term effort to be
affected than diastolic filling!®*. Interestingly, Middleton et al.*%? concluded in their meta-
analysis about left ventricular function immediately following prolonged exercise that
exercise duration is an important factor in the impairment of the systolic function.
However, they did not find the same impact on the diastolic filling. Nevertheless, it is
worth noting that such correlations between race characteristics and BP were only found
in our review in the subgroup analysis but did not reach statistical significance in any
meta-regressions. Thus, we can conclude that analyzed race characteristics have a greater
influence on the pre- post-race effects on HR than on haemodynamics. From a
methodological point of view, it should be pointed out that differences were found in the
magnitude of the decrease in BP related to the position of the body during the assessments
(greater difference in the supine position than in the seated position). This not only
confirms that body position influences blood pressure®®, but also highlights the need for
pre- and post-race measurements to be conducted under identical conditions to avoid
estimation errors due to methodological factors'%4,

The relationship between ANS activity, PWV and BP is still a matter of discussion. It has
been suggested that increased sympathetic vasoconstrictor mechanisms may increase AS
by applying a constraint on the arterial wall®®. Swierblewska et al.!®® proposed an
independent relationship between ANS activity, PWV and BP, hypothesizing that the
sympathetic nervous system may promote an increase in PWV by its effects on the renin-
angiotensin-aldosterone system, promoting arterial wall fibrosis, and then sympathetic-
mediated increases in PWV may precede and promote BP elevations. However, there is
a coexistence of sympathetic activation and vasodilation in our results, which may lead
to a decreased PWV and BP. This combination has been previously reported following
aerobic exercise®® 1%, suggesting that vasodilator effect may offset reflex sympathetic
activation directed to the vasculature, opposing excessive drops in BP following exercise.
However, a recently publised review centered in resistance exercise, concluded that post-
exercise hypotension is unlikely to be mediated by autonomic control*®, Additionally, it
should be noted that the decrease in post- aerobic exercise BP may also be mediated by
other factors not included in this review, such as nitric oxide release, histamine release in

active skeletal muscle, or increased blood flow to the skin directed to dissipate the
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temperature increase produced by exercise?’

. Another important possible reason for the
diminished BP post-race is dehydration. The effects of fluid loss during exercise have
been extensively studied in the literature and include alterations in autonomic regulation,
with increased HR and decreased HRV%, and vascular alterations, such as decreased
BP!% and AS’. Furthermore, since PWYV is pressure dependent, diminished BP following
endurance exercise has been proposed as a potential influencer and confounder in PWV
measures® 7. However, the close relationship between AS and BP does not allow the
identifying of the true cause and effect relationship, which can be bidirectional®.
Additionally, other factors may mediate the responses of the ANS and vascular system
following an LDR not included in this review. For example, it is known that endurance
exercise can alter different pro- and anti-inflammatory markers3, and it is also known
that inflammation interacts with the ANS and vascular system, adding more complexity
to the mechanisms of interaction between these systems*t. It would have been desirable
to be able to include in the meta-analysis factors that may influence fluid loss, such as
temperature or ambient humidity at the race location, or direct measures of dehydration
such as athlete's body mass loss, or monitoring of serum osmolality and plasma sodium
concentration!?, However, because most studies do not specifically report these data, it
has not been possible to include them in this review. This leads us to encourage their
reporting in future research.

Our review has inherent limitations which need recognition. First, the quasi-experimental
study design of included studies is an important limitation of this review and its meta-
analyses. This aspect limits the strength of the conclusions, and it may have confounded
the observed associations of the review in the same way that not true experimental studies
may do so. Second, the noninvasive assessment of AS (i.e. cfPWV) introduces a
possibility of estimation error or a misinterpretation of confounding factors. However,
given the intrinsic characteristics of pre-post race field investigations and the validity of
cfPWV measures for assessing AS (Class I, Level of Evidence A)!'® the use of this
outcome is justified for its inclusion in the review and meta-analysis. Third, there was
great heterogeneity amongst included studies in terms of participants, LDR
characteristics, and outcome assessment. Finally, our subgroups and meta-regression
analyses were only possible for HR, SBP and DBP, but not for any time domain or
frequency domain HRV indices or specific PWV measurements. Nevertheless, this
review's results may contribute to identifying the limitations of current research designs

and thus improving the experimental approach of future studies. Furthermore, as a meta-
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analysis, the present study overcomes the potentially biased review and weighting of the

studies' results to date to interpret evidence on these issues.

Summary and Conclusions

This systematic review and meta-analysis shows a shift of autonomic balance toward a
reduced vagal tone, along with a drop in BP and reduced AS following an LDR.
Furthermore, observed changes in the ANS, haemodynamics, and vascular properties
were influenced by the timing of the measurement post-exercise, race distance, the
position of the body during the assessments, the type of terrain (road or off-road), and the
maximum altitude above sea level achieved during the race. As expected, the observed
changes on the ANS and BP were time-dependent; that is, the later the post-race
assessment, the smaller the observed changes pre- post-race. However, based on the
scientific literature available to date, it is not yet possible to determine precisely the point
in time when the effects are greatest and then return to baseline values. Assessments in
the supine position showed a greater pre- post-race effect on BP than assessments in the
seated position. Interestingly, marathons showed greater effects on the HR and DBP post-
race than ultra-marathons, but smaller effects on the SBP. Road races caused greater
effects on HR, systolic and diastolic BP than off-road races. Altitude also had an
important effect on studied variables. Such is races achieving higher altitudes above sea
level showed smaller effects on HR, systolic and diastolic BP than those achieving lower
altitudes.

Nevertheless, given the quasi-experimental nature of the studies included in this review,
these results should be interpreted cautiously. Future studies with a controlled
experimental design are necessary, and further research should be undertaken to study the
specific acute effects of running LDRs with different characteristics on the HRV and the
AS. Also, in future research, it could be interesting to investigate the long-term effects
and adaptations of training and running LDRs on the ANS and vascular properties of
athletes. However, based on the acute responses studied, and considering that these
responses would be repeated continuously overtime in training for LDRs, we believe that
the long-term effects may be positive for both HRV improvement and vascular variables.
Finally, in an attempt to standardise and improve further research, we have some practical
methodological recommendations that we believe will help to enhance our understanding

of the physiological responses in the LDRs studied in this review:
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It is essential that pre- and post-race assessments be conducted under identical
conditions, with particular attention to body position, which should always be
reported in the studies. Special attention should be given to the timing of the post-
race assessment, which should be carried out as early as possible after the end of
the race, to assess the real effects of the race.

Given that intensity appears to be the variable with the most significant influence
on the responses, it would be recommendable to monitor exercise intensity during
the race. The use of heart rate monitors that allow the %HR max or %HR
reserve!'® to be recorded would be desirable, but otherwise, it could be assessed
with a rating-of-perceived-exertion scale*,

Considering the importance of dehydration on physiological responses, aspects
that can influence it, such as temperature and humidity, should be reported. If
possible, it would be desirable to assess fluid loss directly by monitoring body
mass loss, serum osmolality, or plasma sodium concentration.

To provide more exhaustive information and allow a more in-depth study of the
causes of the effects, markers of inflammation before and after the race, such as

interleukins or C reactive-protein®3, could also be assessed.

Overall, the most important consideration is that further studies on LDR should continue
to accumulate more evidence that may confirm, refute or clarify the results obtained in

this review.
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Table I.- Characteristics of the included studies.

TABLES

Study n Sex Age BMI LDR characteristics Timepoint of Assessment Main findings
(men / (years) (kg m?) measurements body
women) Length Terrain Altitude PRE POST position
(km) (m) (before (after race)
race)
Belinchdn- 11 NR  41.8246.01 24.56+1.90 51.2 Off- 1,920 NR Immediately NR THR; |SBP; |DBP post-
deMiguel et al. road race
(2018)°®
Bernardietal. | 17 13/4  45.7+8.25 22.2+1.65 46 Off- 3,300 1 day 30 min. Supine  tLF/HF ratio; |R-R; |SBP;
(1997)%7 road |DBP 30 min. post-race
Blaber et al. 8 7/1 35.8+7 20.36 100 Road <500 20 min. 5 min. Seated  tHR; |SBP; |DBP; |[MAP
(2004)%8 post-race
Bonsignoreet | 21 15/6  39.848.3  23.4+3.2 80 Off- 2,200 1 day 30 min. NR - THR; |SBP; |DBP; |MAP
al. (2017)% road post-race
25 223 43.749.8  23.5%2.3 195 Off- 2,300 1 day 30 min. NR - Greater DBP decline
road following the 195-km race
than the 80-km race
Burr et al. 26  17/9 45+8.2 23.85 120; Off- 2,300 1 day Immediately  Supine  THR; |SBP; | DBP post-
(2012)* 195 road race
Burr et al. 9 9/0 43.1+£13.4 23.04 75 Off- <500 3 days Immediately ~ Supine - | cfPWV at both the 45-
(2014)* road km and the 75-km race
- The lowest recorded value
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9 9/0 43.1+13.4 23.04 45 Off- <500 3 days Immediately  Supine  at the 45-km, but
road significantly increased
towards baseline levels
following completion of the
full 75-km race
Calleja-Romero | 8 8/0 47.8+74  23.1+0.9 75 Off- 2,645 2h. 20 min. Supine  tHR; |[RMSSD post-race
et al. (2020)°° road
Christensenet | 10  10/0 29.916.6 21.2+1.7 63 Off- 2,400 1 day 30 min. Seated  tHR; |SBP post-race
al. (2017)% road
Christouetal. | 27  19/8 45+7 NR 246 Road 1,053 24 h, 10 min. Supine  tHR; |SBP post-race
(2020)°
Cornoloetal. | 8 8/0  27.4+6.51 21.27£1.78 42.2 Road 4,400 NR 6-8 h. Supine  Sympathetic predominance
(2005)%* was observed after a high-
altitude marathon but
restored after 24h of
recovery
Cote et al. 25 17/8 44.8+6.6 24.6 (men) 100 Off- 2,300 1 day Immediately = Seated - tHR;
(2015)%2 (men) 22.3 road - Seated BP not significantly
45.9+10.2 (women) reduced post-race
(women)
Danitowicz- | 17  17/0 42+15 NR 100 Road NR 1 day 24 h, NR No statistically significant
Szymanowicz et differences in HRV values
al. (2015)% pre- post-race
Déavila-Roman | 14 NR 4318 NR 163 Off- 4,300 NR Immediately NR - THR; |DBP
et al. (1997)% road - SBP not significantly
different
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Deiserothetal. | 47  47/0 39 (37- 24.2(22.8- 422 Road <500 NR 2 h. NR - |cfPWV post-race
(2018)% 44)F 27.7)7 - The degree of cfPWV
reduction was moderated by
the athlete's body
composition, with a lesser
PWV reduction or even
increase in athletes with
higher BMI
Facontietal. | 25 17/8 39.40+9.31 23.46+2.34 42.2 Road <500 1-2 days 30 min. Supine  tHR; |SBP; |DBP post-
(2020)%° race
Fazackerley et | 13 8/5 36.6+7.6 23.1 65 Off- <500 Theaverage Dayslto7 Supine - A very likely: THR; |R-R;
al. (2019)* road of day -4, - LSDNN (In); | PHr (In)
3, -2 before - A likely: |RMSSD (In);
the race 1PLr (In)
- A possible: |LF/HF ratio
Fouldsetal. | 25 17/8 44.6+8.3 23.8+2.1  120; Off- 2,300 1-4days  20-30 min. Seated  Decreased parasympathetic
(2014)% 190 road tone and cardiovagal
baroreflex sensitivity after
ultra-marathon competition
with corresponding
increases in sympathovagal
balance
Franco etoal. 21  15/6 42+13 236 42.2 Road <500 1-3 h. Immediately NR TRMSSD post-race
(2014)!
Georgeetal. | 29  23/6 33£10 25.39 42.2 Road <500 1 day 30 min. Supine  tHR; |SBP; |DBP post-
(2005)%7 race
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Gratze et al. 51 25/26 41.6x5.75 24.0£240 422 Road <500 1 day 2 h. Supine  THR; |SBP; |DBP post-
(2008)%° (men) (men) race
38.749.48 23.1+1.73
(women)  (women)
Hanssenetal. | 28  28/0 4145 NR 42.2 Road <500 5 days 30 min. Supine  THR; |SBP; |DBP 30post-
(2011)%8 race
Hart et al. 14 131 347 24.9 42.2 Road <500 24 h, 30 min. Supine  THR post-race
(2007)%°
Holtzhausen et | 31 NR 38.9+7.8 NR 80 Road <500 1 day 5 min. Supine  THR; |SBP post-race
al. (1995)"°
Hynynenetal. | 10  10/0 3745 24.0£1.8 422 Road <500 Nightaftera Night after Supine - tNocturnal HR
(2010)"* rest day the race - | Most HRV indices after
(afternoon the marathon
race)
Jouffroyetal. | 49  49/0 428194 225+1.8 80 Road <500 1 day Immediately NR THR; |SBP; | DBP post-
(2015)7? race
Jung et al. 30 28/2 51.6£8.8 23.1+15 422 Road <500 NR Immediately  Seated  No significant changes in
(2014)7 BP post-race
Kalliokoskiet | 7 7/0 3919 22.84 42.2 Road <500 In the Immediately ~ Supine - THR post-race
al. (2004)™ morning of - | BP but not statistically
the race day different
King et al. 21 11/10 42+10 24+3 50 Off- <500 3weeks 23-112min.  Supine  THR; |SBP; |DBP;
(2020)*2 road LcfPWYV post-race
13 9/4 4448 24+3 80 Off- <500 3weeks  23-112min.  Supine
road
11 9/2 46x10 25+2 160 Off- <500 3weeks  23-112 min. Supine
road
Krzeminskiet | 9 9/0 30£3 22.6£1.20 100 Off- 1,262 1week  Immediately NR THR; |DBP post-race
al. (2016)7 road
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Landmanetal. | 52 NR 160 Off- 2,800 1 day Immediately ~ Seated  THR post-race
(2012)%2 road
Matek et al. 18  15/3 43.55+10.6 24.5+2.4 100 Road <500 NR Immediately NR THR; |SBP; | DBP post-
(2020)*° race
Manieretal. | 11  10/1 42.2 Road <500 Day of the 30 min. Supine  THR; |SBP; |DBP post-
(1991) race race
Martinez- 16 NR  40.12+7.01 24.43+2.36 118 Off- 1,280 1 day 30 min. Supine  TtHR; [SDNN (In);
Navarro et al. road JRMSSD (In); | SBP post-
(2018)"7 race
Martinez- 28  28/0 42+7.49 24.56x1.94 118 Off- 1,280 1 day 5 min. Supine  tHR; |SDNN; |RMSSD
Navarro et al. road post-race
(2019)"®
Mertovaetal. | 10  10/0 42.2 Off- 1,027 In the 5 min. Supine  TLF/HF ratio; |RMSSD;
(2017)7° road morning of I PHF (In) post-race
the race day
Mydliketal. | 29  28/1 42.2 Road NR NR Immediately NR SBP; | DBP post-race
(2012)%°
Neilan et al. 20 10/10 42.2 Road <500 1week  Immediately NR THR; |SBP post-race
(2006)8!
Nelsonetal. | 45 39/6 39.3+12.28 42.2 Road <500 Immediately 1h. NR ISBP; | DBP post-race
(1989)82
Niemelaetal. | 13  13/0 173 Road NR NR 25 min. Supine  THR; |SBP post-race
(1984)8
Oxboroughet | 35  29/6 42.2 Road <500 1 day 30 min. Supine  THR; |SBP post-race
al. (2006)3
Passagliaetal. | 12  12/0 140.3  Road 900 1 day Immediately  Supine  |SBP; |DBP post-race
(2012)%
Perraultetal. | 13  13/0 42.2 Road <500 3 days 40 min. Supine  tHR; |SBP post-race
(1986)%8
34



16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Phillipsetal. | 20  13/7 46+7 2412 120; Off- 2,300 1-5days Immediately  Supine  THR; |SBP; |DBP; [MAP
(2012)%" 195 road post-race
Pressleretal. | 85  85/0 44 (31- 23.8(18.5- 422 Road NR 4 weeks  Immediately NR THR; |SBP; | DBP post-
(2011)3 60)* 27.5)* race
Privett et al. 10 10/0 2914 24.6 42.2 Road <500 1 day 60 min. Supine  THR post-race
(2010)%
Shave et al. 11 11/0 42+11 23.82 70 Off- NR 1 day Immediately  Supine  THR; |SBP; | DBP post-
(2002)8° road race
Roeh et al. 212 212/0 42 (36- 23.6+2.1 422 Road NR In the week 1h. Supine  THR post-race
(2019)%° 49)* pre-race
Scott et al. 16 13/3 41.2+4.7  21.7+2.0 160 Road NR NR Immediately  Supine  THR; |R-R post-race
(2009)%*
Stork et al. 12 12/0 345 NR 42.2 Road NR NR 10 min. Standing  tHR post-race
(1991) 11 11/0 3247 NR 422  Road NR NR 10 min. Standing
Taksaudom et | 33 NR NR NR 66 Off- NR 1 day 15 min. Seated  tHR; |SBP post-race
al. (2017)% road
Trullas et al. 7 52 30.8 NR 45 Off- 2,475 Theevening 15 min. Seated - THR post-race
(2018)%! (15.2)" road before race - |DBP post-race (only in
18 16/2 37.5(9.6)f NR 45 Off- 2,475 Theevening 15 min. Seated  non-elite runners)
road before race
Vlachopouloset| 20  16/4 36x10 23.2+1.8 422 Road <500 2 days 10-15 min. NR THR; |SBP; | DBP post-
al. (2010)’ race

Data are expressed in mean + standard deviation, except if otherwise specified; f: data expressed in median (interquartile range); 1: data expressed in median
(range); NR: not reported; (In): values underwent a logarithmic transformation.

Altitude: maximum altitude above sea level achieved during the race; BMI: body mass index; BP: blood pressure; cfPWV: carotid-femoral pulse wave
velocity; DBP: diastolic blood pressure; HR: heart rate; LDR: long-distance race; MAP: mean arterial pressure; Pnr: power in the high-frequency band; P.r:
power in the low-frequency band; R-R: mean R-R intervals; RMSSD: square root of the mean squared differences of successive NN intervals; SBP: systolic
blood pressure; SDNN: standard deviation of the NN intervals.
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Table I1.- Risk of bias using ICROMS tool*?

Dimension

Authors (year)

1. Clear aims and

justification

(max. score: 6)

2. Managing bias

in sampling

(max. score: 2)

3. Managing bias

in outcom

measurements

e

and blinding

(max. score: 4)

4. Managing bias

in follow-up

(max. score: 2)

5. Managing bias
in other study

aspects

(max. score: 4)

6. Analytical

rigour

(max. score: 2)

7. Managing bias
in reporting /
ethical

considerations

(max. score: 10)

FINAL
SCORE

(max. score: 30)

Belinchén-deMiguel et al. (2018)%3
Bernardi et al. (1997)%*
Blaber et al. (2004)%
Bonsignore et al. (2017)%
Burr et al. (2012)3%

Burr et al. (2014)*
Calleja-Romero et al. (2020)%°
Christensen et al. (2017)%
Christou et al. (2020)°
Cornolo et al. (2005)%

Cote et al. (2015)%°
Danitowicz-Szymanowicz et al. (2015)%°
Davila-Roman et al. (1997)5
Deiseroth et al. (2018)3*
Faconti et al. (2020)%2
Fazackerley et al. (2019)%
Foulds et al. (2014)53

Franco et al. (2014)%°

George et al. (2005)%

Gratze et al. (2008)>

Hanssen et al. (2011)%°
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55
56
57
58
59
60
61
62
63
64
65

Hart et al. (2007)%®
Holtzhausen et al. (1995)%7
Hynynen et al. (2010)%8
Jouffroy et al. (2015)8°
Jung et al. (2014)7°
Kalliokoski et al. (2004)™
King et al. (2020)*?
Krzeminski et al. (2016)7
Landman et al. (2012)*°
Matek et al. (2020)*
Manier et al. (1991)7
Martinez-Navarro et al. (2018)7
Martinez-Navarro et al. (2019)™
Mertova et al. (2017)76
Mydlik et al. (2012)7
Neilan et al. (2006)7®
Nelson et al. (1989)7°
Niemela et al. (1984)%
Oxborough et al. (2006)3*
Passaglia et al. (2012)%2
Perrault et al. (1986)8
Phillips et al. (2012)%
Pressler et al. (2011)%°
Privett et al. (2010)8

Roeh et al. (2019)%7

Scott et al. (2009)%

Shave et al. (2002)8
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Stork et al. (1991)% 6 2 4 2 4 2 4 24

Taksaudom et al. (2017)%° 4 2 4 2 3 2 25

Trullas et al. (2018)*8 4 1 4 2 3 2 9 25

Vlachopoulos et al. (2010)” 6 2 4 2 4 2 10 30
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Table I11.- Synthesis of results

N n Effect Heterogeneity
Studies Subjects SMD 95% C.I. S.E. p-value Tau? Q p-value 12
Outcome
HR 48 1,121 2.07 1.87, 2.27 0.10 <0.01 0.31 151.17 <0.01 68.91%
RMSSD 10 151 -0.81 -1.18; -0.44 0.19 <0.01 0.19 20.14 0.02 55.31%
SDNN 117 -0.90 -1.40; -0.41 0.25 <0.01 0.29 18.46 <0.01 67.50%
PLr 124 -0.12 -0.49; 0.24 0.19 0.51 0.15 15.83 0.05 49.45%
Pur 124 -0.64 -0.90; -0.39 0.13 <0.01 0.00 6.79 0.56 0.00%
LF/HF ratio 8 116 0.42 0.08; 0.76 0.17 0.01 0.08 11.02 0.14 36.45%
SBP 45 1,131 -0.81 -0.94; -0.67 0.07 <0.01 0.10 91.06 <0.01 51.68%
DBP 44 919 -0.77 -0.93; -0.60 0.08 <0.01 0.17 113.69 <0.01 62.18%
MAP 10 192 -0.74 -1.09; -0.39 0.18 <0.01 0.18 22.53 <0.01 60.06%
cfPWV 8 150 -0.39 -0.69; -0.09 0.15 0.01 0.06 10.75 0.15 34.89%

N: number of studies included in meta-analysis; n: number of subjects included in meta-analysis; SMD: standardized mean difference; CI: confidence interval; SE: standard error.
cfPWV: carotid-femoral pulse wave velocity; DBP: diastolic blood pressure; HR: heart rate; MAP: mean arterial pressure; Pur: power in the high frecuency band; P.g: power in the
low frequency band; RMSSD: square root of the mean squared differences of successive NN intervals; SBP: systolic blood pressure; SDNN: standard deviation of the NN intervals.
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Table IV.- Synthesis of subgroup meta-analyses and meta-regressions

Subgroup analysis Meta-regression
Timing post-race
N n Effect assessment Distance Altitude
Studies  Subjects | SMD 95% C.I. SE.  p-value Effect  p-value | Effect p-value | Effect p-value
Outcome Subgroups

<30 min 35 667 2.11 1.87; 2.35 0.12 <0.001
Timing post-race 31-60 min 7 325 2.07 1.58; 2.56 0.25 <0.001
assessment > 60 min 6 129 1.86 1.20; 2.52 0.34 <0.001
Marathon 21 623 2.41 2.11;2.71 0.15 <0.001

HR Distance Ultra-marathon 27 498 1.81 1.59; 2.02 0.11 <0.001 | -0.001 0.03 -0.004 0.04 0 0.08
Road 26 759 2.17 1.91;2.44 0.14 <0.001
Terrain Off-road 22 362 1.95 1.66; 2.24 0.15 <0.001
Low 33 660 2.13 1.87; 2.39 0.13 <0.001
Altitude Moderate/High 10 176 1.88 1.49; 2.28 0.20 <0.001
<30 min 35 708 -0.82 -1.00;-0.64  0.09 <0.001
Timing post-race 31-60 min 7 325 -0.65 -0.81; -0.49 0.08 <0.001
assessment > 60 min 3 98 -0.86 -1.15;-0.56  0.15 <0.001
Marathon 19 640 -0.73 -0.89;-056 0.09 <0.001

SBP Distance Ultra-marathon 26 491 -0.88 -1.08;-0.67 0.11 <0.001 0 0.83 0.001 0.48 0 0.04
Road 25 786 -0.87 -1.04;-0.70  0.09 <0.001
Terrain Off-road 20 345 -0.71 -0.93; -0.49 0.11 <0.001
Low 29 615 -0.90 -1.06;-0.73  0.08 <0.001
Altitude Moderate/High 10 202 -0.45 -0.79;-0.20 0.15 <0.001
<30 min 35 708 -0.77 -0.96;-0.59  0.09 <0.001
Timing post-race 31-60 min 6 113 -0.53 -0.79; -0.26 0.14 <0.001

DBP assessment > 60 min 3 98 -1.04 -1.77;-0.30  0.38 0.006 -0.001 0.71 0.001 0.58 0 0.4
Marathon 18 428 -0.77 -1.04;-050 0.14 <0.001
Distance Ultra-marathon 26 491 -0.75 -0.96; -0.55 0.10 <0.001
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Road 24 574 -0.83 -1.07;-058 0.13 <0.001
Terrain Off-road 20 345 -0.67 -0.85; -0.49 0.09 <0.001
Low 29 615 -0.79 -0.99;-059 0.10 <0.001
Altitude Moderate/High 10 202 -0.61 -0.85;-0.38 0.12 <0.001

N: number of studies included in meta-analysis; n: number of subjects included in meta-analysis; SMD: standardized mean difference; C.1.: confidence interval; SE: standard error.
HR: heart rate; SBP: systolic blood pressure; DBP: diastolic blood pressure.
Altitude: maximum altitude above sea level achieved during the race; low altitude: < 2000 m. above sea level; moderate/high altitude: > 2000 m. above sea level.
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TITLES OF FIGURES
Figure 1.- PRISMA flow diagram.
Figure 2.- Forest plot showing the effect of a long-distance race on heart rate.
Figure 3.- Forest plot showing the effect of a long-distance race on time-domain indices
of the heart rate variability: (A) RMSSD: square root of the mean squared differences of
successive NN intervals; (B) SDNN: standard deviation of the NN intervals.
Figure 4.- Forest plot showing the effect of a long-distance race on frequency-domain
indices of the heart rate variability: (A) PLr: power in the low-frequency band; (B) Phr:
power in the high-frequency band; (C) LF/HF: ratio low frequency/high frequency.
Figure 5.- Forest plot showing the effect of a long-distance race on the carotid-femoral
pulse wave velocity (cfPWV)
Figure 6.- Forest plot showing the effect of a long-distance race on blood pressure: (A)
SBP: systolic blood pressure; (B) DBP: diastolic blood pressure; (C) MAP: mean arterial

pressure.
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Figure 2
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Figure 3
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.802)
.074)
.329)
1.551)
.167)
.520)

.406)
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(A) PLF

Studies Estimate (95% C.I.)
Bernardi et al. 1997 -0.414 (-1.093, 0.266)
Calleja-Romero et al. 2020 0.567 (-0.432, 1.567)
Cornolo et al. 2005 -0.445 (-1.437, 0.547)
Danilowicz-Szymanowicz et al. 2015 0.162 (-0.511, 0.836)
Fazackerley et al. 2019 -0.240 (-1.011, 0.532)
Foulds et al. 2014 0.731 (0.158, 1.303)
Hynynen et al. 2010 -0.401 (-1.286, 0.485)
Mertova et al. 2017 -0.768 (-1.676, 0.140)
Scott et al. 2009 =0::549 (—=1:.255; 10.157)
Overall (95% CI) -0.121 (-0.485, 0.242)

Standard error: 0.19; p = 0.51

Heterogeneity: Tau2 =0.15; Q = 15.83 ; p =0.05 ; 12=49.45%

(B) PHr

Studies Estimate (95% C.I.)
Bernardi et al. 1997 -0.490 (-1.172, 0.193)
Calleja-Romero et al. 2020 -0.915 (-1.945, 0.115)
Cornolo et al. 2005 -0.620 (-1.623, 0.383)
Danilowicz-Szymanowicz et al. 2015 -0.162 (-0.836, 0.511)
Fazackerley et al. 2019 -0.289 (-1.061, 0.484)
Foulds et al. 2014 -1.132 (-1.729, -0.535)
Hynynen et al. 2010 -0.475 (-1.364, 0.413)
Mertova et al. 2017 =1.079 (=2:017; —=0:141)
Scott et al. 2009 -0.698 (-1.412, 0.015)
Overall (95% CI) -0.644 (-0.901, -0.387)
Standard error: 0.13; p < 0.001

Heterogeneity: Tau2 =0.00; Q = 6.79 ; p=0.56 ; 12=0%

(C) LF/HF

Studies Estimate (95% C.I.)
Bernardi et al. 1997 0.486 (-0.196, 1.168)
Calleja-Romero et al. 2020 -0.214 (-1.197, 0.768)
Danilowicz-Szymanowicz et al. 2015  0.042 (-0.630, 0.714)
Fazackerley et al. 2019 0.037 (-0.731, 0.806)
Foulds et al. 2014 0.656 (0.087, 1.225)
Hynynen et al. 2010 0.460 (-0.428, 1.348)
Mertova et al. 2017 1.768 (0.734, 2.802)
Scott et al. 2009 0.379 (-0.320, 1.078)
Overall (95% Cl) 0.420 (0.084, 0.757)

Standard error: 0.17; p =0.01

Heterogeneity: Tau2 =0.08; Q = 11.02 ; p =0.14 ; 12=36.45%

Figure 5
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Studies

Burr et al. (45 km) 2014 =1
Burr et al. (75 km) 2014 -0
Deiseroth et al. 2018 -0.
Phillips et al. 2012 -0.
King et al. (50 km) 2020 -0.
King et al. (80 km) 2020 -0.
King et al. (160 km) 2020 -0
Vlachopoulos et al. 2010 0
Overall (95% CI) -0.

Standard error: 0.15; p = 0.01

Estimate (95% C.

602

.893

566
182
062
190

.490
.073

389

.664,
.862,
.978,
.803,
.667,
.960,
.339,
.547,

.690,

-0.
0.

-0
0

-0.

I.)

540)
076)

.154)
.439)
0.543)
0.581)
0.

0.693)

358)

089)

Heterogeneity: Tau? =0.06; Q = 10.75 ; p =0.15 ; [2=34.89%

Figure 6
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(A) SBP

Studies

Belinchén-deMiguel et al. 2018 -1.
Bernardi et al. 1997 =1
Blaber et al. 2004 -2.
Bonsignore et al. (195 km) 2017 -0.
Bonsignore et al. (80 km) 2017 -0.
Burr et al. 2012 -0.
Burr et al. (45 km) 2014 -0.
Burr et al. (75 km) 2014 -0.
Christensen et al. 2017 -0.
Christou et al. 2020 -0.
Cote et al. 2015 -0.
Deiseroth et al. 2018 -0.
Davila-Roman et al. 1997 0.
Faconti et al. 2020 -1.
Foulds et al. 2014 -0.
George et al. 2005 <0z
Gratze et al. (fast performers) 2008 -0.
Gratze et al. (slow performers) 2008 -0.
Hanssen et al. 2011 -0.
Holtzhausen et al. 1995 -0.
Jouffroy et al. 2015 =L
Jung et al. 2014 -0.
Kalliokoski et al. 2004 -0.
King et al. (160 km) 2020 -1.
King et al. (50 km) 2020 =1
King et al. (80 km) 2020 =13
Krzeminski et al. 2016 -1.
Malek et al. 2020 i
Manier et al. 1991 -1.
Martinez-Navarro et al. 2018 =0
Mydlik et al. 2012 -1.
Neilan et al. 2006 -1.
Nelson et al. 1989 -0.
Niemela et al. 1984 -0.
Oxborough et al. 2006 -0.
Passaglia et al. 2012 -2.
Perrault et al. 1986 -0.
Phillips et al. 2012 -0.
Privett et al. 2008 -0.
Roeh et al. 2019 =0..
Scott et al. 2009 =05
Shave et al. 2002 -1.
Taksaudom et al. 2017 =1.
Trullas et al. 2018 0.
Vlachopoulos et al. 2010 -0.
Overall (95% Cl) -0.

Standard error: 0.07; p < 0.001

Estimate (95% C.
354 (-2.280, -0.
480 (-2.239, -0.
111 (=3.333, =0.
749 (-1.322, -0.
391 (-1.001, O.
828 (-1.395, -0.
317 (-1.246, O
563 (-1.505, O
340 (-1.223, O.
507 (-1.049, ©
138 (-0.693, 0
951 (-1.378; -0
000 (-0.741, O.
065 (-1.657, -0.
346 (-0.905, 0.
789 (=1.323; =0.
772 (-1.347, -0.
774 (-1.338, -0.
867 (-1.415, -0.
613 (=1.222, =0.
704 (-2.166, -1.
276 (-0.784, O
620 (-1.693, O.
046 (-1.937, -0.
067 (-1.713, -0.
141 (-1.970, -0.
428 (-2.463, -0.
246 (-1.959, -0.
961 (-2.978, -0.
488 (-1.192, 0.
336 (-1.905, -0.
119 (-1.785, -0.
627 (-1.050, -0.
558 (-1.341, O.
847 (-1.336, -0.
152 (=8:157; =1;
855 (-1.658, -0.
974 (-1.630, -0.
201 (-1.080, O.
584 (=0.779, =0.
618 (-1.327, 0.
167 (-2.071, -0
216 (-1.741, -0.
226 (-0.411, oO.
357 (-0.982, O

805 (-0.940, -0.

Heterogeneity: Tau? =0.10; Q =91.06 ; p <0.01 ; 12=51.68%
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OO0 UITNONNUIOITUOITARADBRADIMBIMBREADIMDIMBREADNOWWWWWWWWWNNNNNNNNNNRPRPREPRERPERRER
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(B) DBP

Studies

Belinchén-deMiguel et al. 2018 1.
Bernardi et al. 1997 -0.
Blaber et al. 2004 2.
Bonsignore et al. (80 km) 2017 ~1.
Bonsignore et al. (195 km) 2017 -0.
Burr et al. 2012 -0.
Burr et al. (45 km) 2014 -0.
Burr et al. (75 km) 2014 -0.
Christensen et al. 2017 0.
Christou et al. 2020 -0.
Cote et al. 2015 -0.
Davila-Roman et al. 1997 -0.
Deiseroth et al. 2018 =k,
Faconti et al. 2020 -0.
Foulds et al. 2014 -0.
George et al. 2005 -0.
Gratze et al. (fast performers) 2008 -0.
Gratze et al. (slow performers) 2008 -0.
Hanssen et al. 2011 o I
Holtzhausen et al. 1995 -0.
Jouffroy et al. 2015 -1.
Jung et al. 2014 -0.
Kalliokoski et al. 2004 20
Krzeminski et al. 2016 2
Malek et al. 2020 -1.
Manier et al. 1991 =1,
Martinez-Navarro et al. 2018 0.
Mydlik et al. 2012 -1.
Neilan et al. 2006 -0.
Nelson et al. 1989 -0.
Niemela et al. 1984 sl
Oxborough et al. 2006 -0.
Passaglia et al. 2012 =X
Perrault et al. 1986 -0.
Phillips et al. 2012 -0.
Privett et al. 2008 -0.
Shave et al. 2002 -0.
Scott et al. 2009 -0.
Taksaudom et al. 2017 -0.
Trullas et al. 2018 -0.
King et al. (50 km) 2020 =0
King et al. (80 km) 2020 -0.
King et al. (160 km) 2020 -0.
Vlachopoulos et al. 2010 -0.
Overall (95% CI) -0.

Standard error: 0.08; p < 0.001

Heterogeneity: Tau? =0.17; Q =113.69; p < 0.001; I2= 62.18%

(C) MAP

Studies

Blaber et al. 2004 -2.080 (-3
Bonsignore et al. (80 km) 2016 -0.280 (-0
Bonsignore et al. (195 km) 2016 -0.845 (-1
Burr et al. (45 km) 2014 -0.413 (-1
Burr et al. (75 km) 2014 -0.278 (-1
Deiseroth et al. 2018 o P b e o i
Hart et al. 2007 -0.133 (-0
Holtzhausen et al. 1995 -0.442 (-0
Kalliokoski et al. 2004 -0.559 (-1
Phillips et al. 2012 -1.120 (-1
Overall (95% CI) -0.738 (-1.

Standard error: 0.18; p < 0.001

Heterogeneity: Tau2 =0.18; Q = 22.53 ; p <0.01 ; 12=60.06%

Estimate (95% C.I.)
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SUPPLEMENTARY MATERIAL

Appendix S1.- Search strategy

HRV:

(“heart rate variability”) OR (“heart beat variability”) OR (hrv)) OR (“heart rate
variation””) OR (“heart beat variation) OR (“autonomic nervous system”[MeSH Terms]

OR ““autonomic nervous system”[ Text Word])

Arterial Stiffness:

“vascular stiffness”[MeSH Terms] OR “arterial stiffness”[Text Word] OR “aortic
stiffness”[Text Word] OR “pulse wave analysis”[MeSH Terms] OR “pulse wave
velocity”’[Text Word] OR “carotid-femoral pulse wave velocity”[MeSH Terms] OR
“Carotid-Femoral Pulse Wave Velocity”[Text Word] OR (pwv) OR (cfpwv) OR “blood
pressure”’[MeSH Terms] OR “blood pressure determination”’[MeSH Terms] OR “arterial
pressure”’[MeSH Terms] OR “blood pressure”[Text Word]

Marathon / Ultra-marathon:

(marathon*) OR (ultra-marathon*) OR (ultramarathon*) OR (long distance runn*) OR
(endurance runn*) OR (ultra-endurance) OR (ultraendurance) OR (ultra-runn*) OR
(ultrarun*) OR (ultra-distance) OR (ultradistance) OR (ultra-race) OR (ultrarace)

1. ((*vascular stiffness”[MeSH Terms] OR “arterial stiffness”[Text Word] OR
“aortic stiffness”[Text Word] OR “pulse wave analysis”’[MeSH Terms] OR
“pulse wave velocity”[Text Word] OR “carotid-femoral pulse wave
velocity”[MeSH Terms] OR “Carotid-Femoral Pulse Wave Velocity”[Text
Word] OR (pwv) OR (cfpwv) OR “blood pressure”’[MeSH Terms] OR
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“blood pressure determination”’[MeSH  Terms] OR  “arterial
pressure”’[MeSH Terms] OR “blood pressure”’[Text Word])) AND
((marathon*) OR (ultra-marathon*) OR (ultramarathon*) OR (long
distance runn*) OR (endurance runn*) OR (ultra-endurance) OR
(ultraendurance) OR (ultra-runn*) OR (ultrarun*) OR (ultra-distance) OR
(ultradistance) OR (ultra-race) OR (ultrarace))

((“heart rate variability”) OR (“heart beat variability”) OR (hrv) OR
(“heart rate variation”) OR (“heart beat variation”)) OR (“autonomic
nervous system”[MeSH Terms] OR “autonomic nervous system”|[Text
Word])) AND ((marathon*) OR (ultra-marathon*) OR (ultramarathon¥*)
OR (long distance runn*) OR (endurance runn*) OR (ultra-endurance) OR
(ultraendurance) OR (ultra-runn*) OR (ultrarun*) OR (ultra-distance) OR
(ultradistance) OR (ultra-race) OR (ultrarace))

Appendix S2.- Risk of bias assessed through funnel plots.

HR RMS5D

MAP SBP DBP

‘‘‘‘‘‘‘

wd Dutcoma

R-R: mean R-R intervals; RMSSD: rect mean square of successive differences between adjacent NN intervals; MAP: mean arterial pressure; SBP: systolic blood pressure; DBP: diastolic blood pressure
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Appendix S3.- Bubble plots of meta-regressions with statistical significance

HEART RATE

Standardized Mean Difference

I I I I
0 500 1000 1500

Time Post assessment (min)

Regression coefficient: changes in heart rate pre- post-race with a unit increase of the
minutes following the completion of the race until its evaluation.

Correlation coefficient (95% CI): -0.001 (-0.002, 0.000); Standard error < 0.001; p-
value = 0.03

Standardized Mean Difference

-50 0 50 100 150 200 250 300

Distance (km)

Regression coefficient: changes in heart rate pre- post-race with a unit increase of the
race distance.

Correlation coefficient (95% CI): -0.004 (-0.008, -0.000); Standard error = 0.002; p-
value = 0.04
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Standardized Mean iflerence

SYSTOLIC BLOOD PRESSURE

i -

;

(’f‘h“. ! } Y e,
B - | |

-1.0 05 00 05

-1.5
{

25 20

-1000 0 1000 2000 3000 4000

Maximum altitude |{meters zbowve sea level)
Regression coefficient: changes in systolic blood pressure pre- post-race with a unit
increase of the maximum altitude above sea level achieved during the race.

Correlation coefficient (95% CI): < 0.001 (<0.001, <0.001); Standard error < 0.001; p-
value = 0.04
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