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Abstract

Background Autonomic regulation of heart rate (HR) as

an indicator of the body’s ability to adapt to an exercise

stimulus has been evaluated in many studies through HR

variability (HRV) and post-exercise HR recovery (HRR).

Recently, HR acceleration has also been investigated.

Objective The aim of this systematic literature review

and meta-analysis was to evaluate the effect of negative

adaptations to endurance training (i.e., a period of over-

reaching leading to attenuated performance) and positive

adaptations (i.e., training leading to improved perfor-

mance) on autonomic HR regulation in endurance-trained

athletes.

Methods We searched Ovid MEDLINE, Embase,

CINAHL, SPORTDiscus, PubMed, and Academic Search

Premier databases from inception until April 2015. Inclu-

ded articles examined the effects of endurance training

leading to increased or decreased exercise performance on

four measures of autonomic HR regulation: resting and

post-exercise HRV [vagal-related indices of the root-mean-

square difference of successive normal R–R intervals

(RMSSD), high frequency power (HFP) and the standard

deviation of instantaneous beat-to-beat R–R interval vari-

ability (SD1) only], and post-exercise HRR and HR

acceleration.

Results Of the 5377 records retrieved, 27 studies were

included in the systematic review and 24 studies were

included in the meta-analysis. Studies inducing increases in

performance showed small increases in resting RMSSD

[standardised mean difference (SMD) = 0.58; P\ 0.001],

HFP (SMD = 0.55; P\ 0.001) and SD1 (SMD = 0.23;

P = 0.16), and moderate increases in post-exercise

RMSSD (SMD = 0.60; P\ 0.001), HFP (SMD = 0.90;

P\ 0.04), SD1 (SMD = 1.20; P = 0.04), and post-exer-

cise HRR (SMD = 0.63; P = 0.002). A large increase in

HR acceleration (SMD = 1.34) was found in the single

study assessing this parameter. Studies inducing decreases

in performance showed a small increase in resting RMSSD

(SMD = 0.26; P = 0.01), but trivial changes in resting

HFP (SMD = 0.04; P = 0.77) and SD1 (SMD = 0.04;

P = 0.82). Post-exercise RMSSD (SMD = 0.64;

P = 0.04) and HFP (SMD = 0.49; P = 0.18) were

increased, as was HRR (SMD = 0.46; P\ 0.001), while

HR acceleration was decreased (SMD = -0.48;

P\ 0.001).

Conclusions Increases in vagal-related indices of resting

and post-exercise HRV, post-exercise HRR, and HR

acceleration are evident when positive adaptation to

training has occurred, allowing for increases in perfor-

mance. However, increases in post-exercise HRV and HRR

also occur in response to overreaching, demonstrating that

additional measures of training tolerance may be required

to determine whether training-induced changes in these

parameters are related to positive or negative adaptations.

Resting HRV is largely unaffected by overreaching,

although this may be the result of methodological issues

that warrant further investigation. HR acceleration appears

to decrease in response to overreaching training, and thus

may be a potential indicator of training-induced fatigue.
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Key Points

Measures of resting and post-exercise heart rate (HR)

variability, post-exercise HR recovery, and HR

acceleration increase in response to training,

facilitating improvements in athletic performance.

In studies leading to reductions in performance as a

result of overload training, HR recovery and HR

variability assessed post-exercise also increased,

making their interpretation difficult without

additional variables allowing for contextualisation of

training.

Overload training had little effect on resting HR

variability; however, the disagreement between

studies may be the result of methodological issues

that warrant further investigation.

A small number of studies demonstrated a decrease

in HR acceleration following overload training,

indicating that it may be a potential indicator of

training-induced fatigue.

1 Introduction

Optimizing athletic training through manipulation of

training stress and recovery allows for the enhancement of

athletic performance at important time points [1–3].

Unfortunately, if the subtle balance between the high

training stress required for physiological adaptation and the

appropriate recovery from such stress is not adequately

maintained, training-induced fatigue may accumulate,

leading to attenuated exercise performance (i.e., a state of

functional overreaching or, if severe, non-functional over-

reaching and overtraining) [4]. The establishment of a

marker capable of accurately conveying athletic training

status that is easily administered and readily incorporated

into any training program has become a popular topic in

sports and exercise physiology research [1]. Such a marker

would allow for recognition of training-induced fatigue or

the level of recovery/adaptation achieved, facilitating

adjustments in training load to individualize training pro-

grams [3].

Several methods to quantify change in autonomic nervous

system (ANS) function are proposed to be capable of indi-

cating training status. The ANS functions during and after

physical exercise to maintain homeostasis, and repeated

exposure to an exercise stress causes physiological

adaptation, reducing homeostatic perturbation in response to

subsequent stressors [3]. Consequently, examining ANS

responsiveness to changes in training load may indicate the

body’s ability to tolerate or adapt to an exercise stimulus [3,

5]. Since the ANS controls cardiovascular function through

sympathetic and parasympathetic modulation [6], and the

balance of parasympathetic and sympathetic modulation is

altered following changes in training load [7, 8], research has

specifically focused on conveying training status through

autonomic heart rate (HR) regulation, as it provides a simple

and non-invasive measure of ANS function [9]. Two popular

measures of autonomic HR regulation are HR variability

(HRV) and post-exercise HR recovery (HRR).

HRV utilizes a non-invasive assessment of the variation

in time between consecutive heart beats or R-to-R intervals

[10]. The time between consecutive R-to-R intervals is

constantly fluctuating as a result of the interaction between

pulmonary ventilation, blood pressure, and cardiac output

to maintain blood pressure homeostasis within specific

limits [11]. In its simplest form, HRV has been analysed

and presented in the time domain; however, more complex

assessments include power spectral and non-linear analysis

(see Malik et al. [10] for more information on methods of

HRV analysis). These analyses of HRV are able to provide

researchers with direct information on the parasympathetic

contributions (and by extension, inferred information on

the sympathetic contributions) to resting and post-exercise

modulation of HR.

HRR is the assessment of the rate at which HR decreases

following the cessation of exercise [12] and reflects the

coordinated interaction between parasympathetic re-acti-

vation and sympathetic withdrawal [13, 14]. As such, HRR

also has the potential to provide insight into the balance of

parasympathetic and sympathetic HR modulation.

One mode of assessing autonomic HR regulation that

has not been well investigated is the measurement of HR

kinetics at the onset of exercise. Since these kinetics are

controlled by the parasympathetic and sympathetic divi-

sions of the ANS [6, 15], training-induced changes in HR

kinetics at the onset of exercise may provide the potential

to indicate training status. Indeed, cross-sectional research

supports this potential [16], with mono-exponential curve

fitting showing that the half-time for the increase in HR at

the onset of exercise (i.e., the time taken for HR to reach

one half of the difference between steady-state HR and pre-

exercise HR) was shorter in well-trained athletes than in

untrained individuals and was correlated with maximal

oxygen consumption in both groups. The faster HR

increase in trained individuals may contribute to improved

exercise performance through a more rapid increase in

oxygen delivery to active muscle, thus reducing peripheral

muscle fatigue [17].
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More recently, a novel method of examining HR

kinetics at the onset of exercise using sigmoidal curve fit-

ting has been investigated [18–20]. Specifically, the first

derivative of the sigmoidal HR curve obtained during the

transition from rest to steady state during sub-maximal

exercise provided a measure of the maximal rate of HR

increase (rHRI) at the onset of exercise.

Given the interest in autonomic HR regulation and its

potential application in the field of sports and exercise

physiology to monitor athletic training status, the aim of

this systematic literature review was to determine the effect

of training interventions leading to changes in exercise

performance (as a measure of training status) on measures

of autonomic HR regulation in endurance-trained athletes

undergoing endurance-based training. Specifically, this

review sought to investigate the effect of negative adap-

tations to training (i.e., a period of overreaching leading to

attenuated performance) on autonomic HR regulation

compared with the effects of positive adaptations to train-

ing (i.e., training leading to improved performance).

2 Methods

This review followed the PRISMA (Preferred Reporting

Items for Systematic Reviews and Meta-Analyses) state-

ment for improved reporting of systematic reviews [21].

2.1 Literature Search

A literature search was conducted on 15 August 2013, and

database update alerts were monitored until April 2015.

The databases Ovid MEDLINE, Embase, Cumulative

Index to Nursing and Allied Health (CINAHL),

SPORTDiscus, PubMed, and Academic Search Premier

were searched. Database searches were complemented by

pearling of the reference lists of relevant articles. Where

available, searches were limited to peer-reviewed, English

language studies using human participants only.

Title, abstract, and keyword search fields were searched

in each of the aforementioned databases using the follow-

ing search terms:

overreaching OR overtraining OR OT OR OTS OR

overload OR training OR training status AND heart

rate variability OR HRV OR heart rate recovery OR

HRR OR rate of heart rate increase OR rHRI

2.2 Eligibility Criteria

To be eligible for inclusion in this review, study partici-

pants had to have been previously undertaking some form

of endurance training (i.e., they were not previously

sedentary), the training intervention utilized needed to

induce a change in training status (either a decrease in

performance (i.e., a state of overreaching) or an improve-

ment in performance), and maximal exercise performance

must have been measured and reported to confirm such a

change in training status (measures of maximal oxygen

consumption were not considered to be an accept-

able proxy for exercise performance) [4, 22, 23]. Studies

also had to include all necessary data to calculate effect

size (i.e., number of participants, mean, and standard

deviation).

2.3 Study Selection

All articles identified in the literature search were exported

to a reference management software program (Endnote

version X6, Thomson Reuters, 2012), and duplicate refer-

ences were removed. Eligibility assessment was performed

independently by two investigators (CRB and JTF), with

disagreement settled by consensus. All records were

examined by title and abstract in order to exclude obvi-

ously irrelevant records, and full-text articles were then

assessed for eligibility using the eligibility criteria. For

studies with more than one article based on the same study

population, inclusion was limited to the original

publication.

Data extraction was performed by the lead author (CRB)

and confirmed by a second investigator (JTF). The fol-

lowing information was collected from included studies:

publication details, participant characteristics, length of

training intervention, details of conditions under which the

relevant autonomic parameter was assessed (i.e., length of

recording, posture, and intensity of exercise if applicable),

and results (measures of maximal exercise performance

and autonomic HR regulation as assessed by HRV, HRR,

and HR acceleration).

2.4 Risk of Bias Assessment

Risk of bias assessment was performed by the lead author

(CRB) and confirmed by a second investigator (JTF)

utilizing the Cochrane Collaboration’s tool for assessing

risk of bias [24]. This tool was used to assess the selec-

tion, performance, detection, attrition, and reporting bias

of each of the eligible studies identified from the literature

search.

2.5 Statistical Analysis

The standardized mean difference (SMD) in autonomic HR

regulation and maximal exercise performance before and

after the training intervention was calculated by standard-

izing the mean difference (post-intervention value minus
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pre-intervention value) by the pooled between-subject

standard deviation at the pre- and post-intervention time

points. Effects were quantified as trivial (\0.2), small

(0.2–0.6), moderate (0.61–1.2), large (1.21–2.0), and very

large ([2.0) [25]. Precision of the effect size estimate was

assessed using 95 % confidence intervals (CIs).

Random-effects meta-analysis was performed in

Review Manager software (RevMan, version 5.2,

Cochrane Collaboration, Oxford, UK) using the inverse-

variance method. Data were presented as SMD ± 95 %

CI with statistical significance set at P\ 0.05. Where not

reported, the standard error of mean difference and cor-

relations between treatment outcomes were estimated

from P values using the equivalent T-statistic. When this

was not possible, standard error of the mean difference

was estimated according to the methods described by

Elbourne et al. [26], using the lowest correlation estimate

among other studies. The presence of statistical hetero-

geneity was determined by the I2 statistic and Cochran’s

Q statistic [27].

Separate meta-analyses were carried out on indices of

autonomic HR regulation (HRV, HRR, and HR accelera-

tion) in those studies that found decrements in performance

following a training intervention and those that found

improvements in performance following a training inter-

vention. With regard to HRV, meta-analyses were only

carried out on vagal-related indices in accordance with

recent recommendations of Buchheit [28] and Plews et al.

[29]. Thus, the root-mean-square difference of successive

normal R–R intervals (RMSSD) in the time domain, high

frequency power (HFP) in the power spectral domain, and

the standard deviation of instantaneous beat-to-beat R–

R interval variability (SD1) from non-linear Poincare plots

(or their natural logarithms) were extracted and analysed

since they represent pure parasympathetic HR modulation

[10]. Separate meta-analyses were performed on each of

these indices. Researchers have also hypothesized that the

posture in which the assessment of resting HRV occurs, in

addition to the time of day at which it occurs, can affect the

magnitude of training-induced change in resting HRV [28].

As such, sub-group meta-analyses were carried out on

combinations of posture and recording time of day in

studies assessing resting HRV.

3 Results

After removal of duplicates, the initial search identified

5377 records. A summary of the search, including the

number of studies suitable for qualitative synthesis and

meta-analysis is shown in Fig. 1. The 27 studies included

for review are summarized in Tables 1 and 2 [1, 18, 19,

30–53].

3.1 Reasons for Exclusion

A total of 35 studies for which the full text was reviewed

were excluded from qualitative synthesis, as follows: pre-

viously sedentary nature of the participants (n = 5) [54–

58], not using endurance-trained athletes (n = 2) [59, 60],

inducing a decline in performance that was not due to an

overreaching intervention (i.e., athletes were allowed to

detrain) (n = 1) [61], not including/reporting a valid

measure of exercise performance (n = 7) [12, 62–67], not

assessing an autonomic HR parameter of interest (n = 11)

[68–78], not assessing a vagal-related index of HRV

(n = 2) [79, 80], not identifying what HRV index was

assessed (n = 1) [81], being a case study of an individual

(n = 1) [82], being a secondary analysis of study data for

which the original publication [31, 37, 41, 44] had already

been included for analysis (n = 4 [83–86], and not

inducing a decline in performance during a deliberate

overreaching intervention (and thus any associated change

in autonomic HR regulation was not due to a change in

training status) (n = 1) [87].

Three studies were included for qualitative synthesis,

but were excluded from meta-analysis as they presented

median and interquartile ranges [44], did not present a

standard deviation for SMD calculation [43], and presented

repeat measures of resting HRV relative to baseline mea-

sures (and thus a valid measure of SMD could not be

calculated) [42]. These authors were emailed for the

required information but did not respond.

Boullosa et al. [30] measured ultra-short-term HRR

(0–20 s); however, this work was excluded from qualita-

tive synthesis and meta-analysis as it was not adequately

standardized to allow accurate comparison with other

studies (i.e., HRR was measured whenever an athlete had

up to 20 s of recovery at any point during training without

regard for exercise intensity or duration).

3.2 Risk of Bias

Selection bias (random sequence generation and allocation

concealment bias) was not assessed in this review, as the

nature of the training interventions utilized in the identified

studies did not allow for such study rigour. Seven studies

[18, 19, 39, 40, 42, 43, 53] utilized a period of controlled

baseline training before intensifying training in order to

induce a decrease in performance. In each of these studies,

the order of training was fixed such that a period of ‘light’

training occurred before intensified training. Given that

training needs to be intensified to induce the reductions in

performance required in these studies, the order in which

these periods of training occurred could not be randomized.

Performance and detection bias as a result of participant

and study personnel blinding to the training intervention

1464 C. R. Bellenger et al.
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and outcome measures was assessed as unclear in all

studies. However, it should be noted that endurance-trained

athletes accustomed to periods of varying training load

cannot be blinded to periods of light and intensified

training.

Attrition bias within the identified studies was assessed

as either unclear or low risk. Five studies were assessed at

high risk of a reporting bias [34, 36, 40–42]. Three studies

mentioned a vagal-related HRV index in their study

methodology, but did not report the effect of training on

those indices [36, 40, 42]. Dupuy et al. [41] mentioned

standard deviation of instantaneous beat-to-beat R–R inter-

val variability (SD1) in their study methodology, and

reported it as a resting measure, but did not report the effect

of training on post-exercise assessment. Hedelin et al. [34]

assessed HFP in a supine and a 70 � upright tilted position,

but only reported supine data.

3.3 Participants

Overall, the included studies reported on 355 athletes who

underwent a training intervention designed to increase or

decrease their performance and had their autonomic HR

regulation assessed. Of these studies, 20 utilized male

participants only [1, 18, 19, 30, 31, 35, 37–39, 41, 43, 45–

53], while six utilized a mixed sex cohort [32–34, 40, 42,

44], and one did not report sex [36]).

A total of 12 studies included trained athletes competing

at international [34, 50], national [30, 46, 47, 49, 52], or

state/province/regional [1, 38, 40–42] level, while 15

Fig. 1 Literature search flow chart. HR heart rate, HRV heart rate variability, n number of studies
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included trained but recreational athletes [18, 19, 31–33,

35–37, 39, 43–45, 48, 51, 53].

3.4 Study Outcomes

A total of 17 studies induced improvements in performance

following a training intervention [1, 30–33, 35–38, 45–52].

Within these studies, Kiviniemi at al. [35] and Buchheit

et al. [38] had two separate cohorts complete different

training interventions, and the outcome of these interven-

tions on performance differed between groups; thus, these

groups were treated independently for analysis. The studies

of Kiviniemi at al. [35] and Lamberts et al. [37] reported

two independent outcomes within a single measure of

autonomic HR regulation. That is, Kiviniemi at al. [35]

assessed resting HFP in both sitting and standing postures,

while Lamberts et al. [37] reported HRR following two

different maximal performance tests: a graded cycling

exercise test to determine maximal aerobic power, and a

40-km cycling time trial. Since a consensus has not yet

been established on which posture should be utilized in the

assessment of resting HRV, nor is it known which per-

formance test allows for superior measurement of post-

exercise HR parameters, both measures were included for

analysis.

Within these 17 studies, ten investigated resting HRV

[30–33, 35, 36, 46–48, 50]. Of the four studies that con-

ducted their assessments upon waking in the morning [31,

35, 36, 50], one was assessed in a supine posture [31], two

in a seated posture [35, 50], and two in a standing posture

[35, 36] (Kiviniemi at al. [35] assessed resting HFP in both

sitting and standing postures). Two studies conducted their

assessments during overnight sleep in a supine posture [30,

48], while four studies conducted their assessments at the

time of laboratory visits [32, 33, 46, 47]: two were assessed

in a seated posture [32, 33] and two in a standing posture

[46, 47].

Ten studies induced reductions in performance follow-

ing a training intervention [18, 19, 34, 39–44, 53]. Cha-

lencon et al. [40] conducted two separate overreaching

interventions leading to decreased performance, and both

interventions were treated independently within this

review. The studies of Dupuy et al. [41], Le Meur et al.

[39], and Bellenger et al. [19] reported two independent

outcomes within a single measure of autonomic HR regu-

lation. Dupuy et al. [41] reported changes in resting HRV

(in RMSSD, HFP, and SD1) under two conditions of sleep:

during a full 4-h period, and during the isolated slow-wave

sleep periods of this 4-h sleep. These authors also reported

post-exercise HRV (in both RMSSD and HFP) and HRR

following two different maximal performance tests: a

graded running exercise test to determine maximal aerobic

speed, and a time to exhaustion test at 85 % of maximalT
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aerobic speed. Given that it could not be objectively

determined which condition of sleep or which performance

test was most sensitive for allowing changes in autonomic

HR regulation to be detected, all measures were included

for analysis. Le Meur et al. [39] reported changes in resting

HRV (in both RMSSD and HFP) in both supine and

standing postures during an orthostatic test, and both

measures were included for analysis. Bellenger et al. [19]

reported changes in rHRI during two different modes of

exercise—cycling and running—and both measures were

included for further analysis.

Within these ten studies, seven investigated resting HRV

[34, 39–44]. Le Meur et al. [39] assessed resting HRV in

supine and standing postures upon waking in the morning.

Four studies conducted their assessments during overnight

sleep in a supine posture [40–43], and two conducted their

assessments in a supine posture at the time at which lab-

oratory visits were scheduled [34, 44].

Outcome measures of interest from these studies are

shown in Tables 1 and 2.

3.5 Meta-Analysis

Tables 3 and 4 show a summary of within-study compar-

isons and methods used to calculate the individual study

standard error of mean difference.

Four measures of autonomic HR regulation were iden-

tified by this review: resting HRV, post-exercise HRR,

post-exercise HRV, and HR acceleration.

3.5.1 Resting Heart Rate Variability (HRV)

Figure 2a and b shows the effect of training interventions

on resting HRV. A small increase in pooled vagal-related

indices of HRV (SMD ± 95 % CI = 0.49 ± 0.15;

P\ 0.001) occurred following training leading to an

increase in performance, which was significantly affected

by statistical heterogeneity (P = 0.003; I2 = 54 %).

Index-specific analyses showed small increases in resting

RMSSD (0.58 ± 0.22; P\ 0.001) and HFP (0.55 ± 0.24;

P\ 0.001), and a small but statistically non-significant

increase in SD1 (0.23 ± 0.33; P = 0.16). Statistical

heterogeneity also affected the analysis of HFP (P = 0.02,

I2 = 56 %).

In those studies inducing a decrease in exercise perfor-

mance, a statistically non-significant change occurred in

pooled indices of vagal-related HRV (0.13 ± 0.16;

P = 0.12) that was again affected by statistical hetero-

geneity (P = 0.06; I2 = 41 %). A small increase in resting

RMSSD (0.26 ± 0.21; P = 0.01) was found, but HFP

(0.04 ± 0.29; P = 0.77) and SD1 (0.04 ± 0.35; P = 0.82)

were not changed. HFP was significantly affected by sta-

tistical heterogeneity (P = 0.01; I2 = 64 %).T
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Table 3 Available data and results for studies leading to increased exercise performance included in meta-analysis

Study n Information available HR parameter

(index)

SMD (post-

pre)

SE (post-

pre)

Correlation

used

Capostagno et al. 2014 [45] 7 Treatment-specific

summaries, mean values

provided by authors

Post-exercise HRR 0.25 0.13 0.99

Da Silva et al. 2014 [46] 6 Treatment-specific

summaries

Resting HRV (RMSSD) 0.05 0.50 0.58a

Resting HRV (HFP) 0.04 0.47 0.62a

Resting HRV (SD1) -0.08 0.50 0.58a

Wallace et al. 2014 [36] 7 Treatment-specific

summaries

Resting HRV (SD1) -0.32 0.37 0.58a

Boullosa et al. 2013 [30] 8 Treatment-specific

summaries, 95 % CI

provided by authors

Resting HRV (RMSSD) 0.26 0.19 0.93

Resting HRV (HFP) 0.75 0.37 0.93

Resting HRV (SD1) 0.28 0.19 0.93

Buchheit et al. 2013 [49] 18 Treatment-specific

summaries, p value (t test)

Post-exercise HRV (SD1) 1.76 0.44 -0.76

Buchheit et al. 2013 [50] 20 Treatment-specific

summaries

Resting HRV (SD1) 0.51 0.20 0.58a

Oliveira et al. 2013 [47] 10 Treatment-specific

summaries, 95 % CI

Resting HRV (RMSSD) 0.80 0.15 0.91

Resting HRV (HFP) 0.86 0.16 0.94

Vesterinen et al. 2013 [48] 25 Treatment-specific

summaries, p value

(repeated measures

ANOVA pairwise

comparison), 95 % CI

provided by authors

Resting HRV (RMSSD) 0.76 0.20 0.58

Resting HRV (HFP) 0.29 0.11 0.83

Buchheit et al. 2012 [1] 33 Treatment-specific

summaries

Post-exercise HRV

(RMSSD)

0.38 0.23 0.11a

Post-exercise HRR -0.09 0.12 0.72a

Buchheit et al. 2011 [52] 15 Treatment-specific

summaries

Post-exercise HRV (SD1) 0.60 0.48 -0.76a

Post-exercise HRR 0.04 0.20 0.72a

Buchheit et al. 2010 [31] 11 Treatment-specific

summaries, p value (t test)

Resting HRV (RMSSD) 0.57 0.13 0.72

Post-exercise HRV

(RMSSD)

0.75 0.40 0.11a

Post-exercise HRR 1.22 0.26 0.72a

Lamberts et al. 2009 [37] 14 Treatment-specific

summaries, p values

(t test)

Post-exercise HRR (40-km

TT)

1.20 0.16 0.90

Post-exercise HRR (HIT) 0.88 0.20 0.72

Buchheit et al. 2008 [38] GRS 8 Treatment-specific

summaries

Post-exercise HRV

(RMSSD)

0.75 0.48 0.11a

Post-exercise HRV (HFP) 0.56 0.60 -0.42a

Post-exercise HRR 0.33 0.28 0.72a

Buchheit et al. 2008 [38] GHIT 7 Treatment-specific

summaries, p values (two-

way repeated measures

ANOVA pairwise

comparison)

Post-exercise HRV

(RMSSD)

1.26 0.51 0.11

Post-exercise HRV (HFP) 1.29 0.64 -0.42

Post-exercise HRR 1.21 0.20 0.86

Kiviniemi et al. 2007 [35]

GnHRV

8 Treatment-specific

summaries, p value (t test)

Resting HRV (sit; HFP) 0.00 0.31 0.62a

Resting HRV (stand; HFP) 1.33 0.32 0.80

Kiviniemi et al. 2007 [35]

GHRV

9 Treatment specific

summaries, p values

(t test)

Resting HRV (sit; HFP) 0.64 0.29 0.62

Resting HRV (stand; HFP) 0.57 0.25 0.76

Carter et al. 2003 [32] 24 Treatment-specific

summaries

Resting HRV (HFP) 0.73 0.23 0.62a
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Sub-group analyses for the combinations of posture and

recording time of day for studies leading to increases and

decreases in performance are shown in Table 5.

3.5.2 Post-Exercise Heart Rate Recovery (HRR)

A moderate increase in post-exercise HRR was found

following improved exercise performance (0.63 ± 0.40;

P = 0.002), but post-exercise HRR was also significantly

affected by statistical heterogeneity (P\ 0.001;

I2 = 91 %).

A small increase in post-exercise HRR was also found

(0.46 ± 0.20; P\ 0.001) in those studies inducing a

decrease in performance. Figure 3 depicts the effect of

training on HRR.

3.5.3 Post-Exercise HRV

A moderate increase in pooled indices of post-exercise

HRV (0.83 ± 0.36; P\ 0.001) was found in studies

leading to increased performance. RMSSD (0.60 ± 0.34;

P\ 0.001), HFP (0.90 ± 0.85; P\ 0.04), and SD1

(1.20 ± 1.13; P = 0.04) all showed moderate increases

(Fig. 4a).

Studies inducing a decrease in performance demon-

strated a small increase in pooled post-exercise HRV

(0.58 ± 0.46; P = 0.01). Measures of RMSSD

(0.64 ± 0.60; P = 0.04) increased moderately, while small

and non-significant changes in HFP (0.49 ± 0.77;

P = 0.18) were evident (Fig. 4b).

3.5.4 HR Acceleration

Figure 5 highlights the training-induced changes in HR

acceleration. Only one study [51] assessed the effect of

training interventions leading to increased exercise per-

formance on HR acceleration, and this study reported an

increase (1.34 ± 1.08) in this parameter. A small decrease

in this parameter occurred in those studies inducing

decreased exercise performance (-0.48 ± 0.21;

P\ 0.001).

4 Discussion

This systematic literature review sought to determine the

effect of training interventions leading to decreased and/or

increased exercise performance on measures of autonomic

HR regulation. Four measures of autonomic HR regulation

were identified: resting HRV, post-exercise HRR, post-

exercise HRV and HR acceleration. These will be dis-

cussed separately.

4.1 Resting HRV

4.1.1 Training Leading to Increased Exercise

Performance

Resting measures of RMSSD and HFP increased following

training interventions that led to increased performance

(0.58 ± 0.22 and 0.55 ± 0.24, respectively), highlighting

an increase in cardiac parasympathetic modulation as a

positive training adaptation. Studies of SD1 demonstrated a

small increase (0.23 ± 0.33).

Interestingly, the analysis of HFP was significantly

affected by statistical heterogeneity, but the analysis of

RMSSD was not. Statistical heterogeneity in this review

suggests that training leading to increased performance

does not lead to a uniform change in HFP, which may be

due to limitations inherent in its assessment. While

Table 3 continued

Study n Information available HR parameter

(index)

SMD (post-

pre)

SE (post-

pre)

Correlation

used

Laffite et al. 2003 [51] 7 Treatment-specific

summaries p value

(repeated measures

ANOVA pairwise

comparison)

HR acceleration 1.34 0.55 0.15

Hedelin et al. 2000 [33] 19 Treatment-specific

summaries

Resting HRV (HFP) 0.20 0.20 0.62a

ANOVA analysis of variance, CI confidence interval, GHIT group randomized to perform HIT intervention, GRS group randomized to perform

repeated sprint training intervention, GHRV group randomized to perform training guided by daily HRV assessment, GnHRV group randomized

to perform a predetermined training program without the use of daily HRV assessment, HR heart rate, HFP high-frequency power from spectral

analysis, HIT high-intensity training, HR heart rate, HRR heart rate recovery, HRV heart rate variability, n sample size, RMSSD root-mean-square

difference of successive normal R–R intervals from time-domain analysis, SD1 standard deviation of instantaneous beat-to-beat R–R interval

variability from Poincare plots, SE standard error of standardized mean difference, SMD standardized mean difference, TT time trial
a Correlation assumed
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assessments of HFP and RMSSD demonstrate similar day-

to-day variability during short-term (5–10 min) recordings

[88], HFP assessment has a heightened sensitivity to

respiration rates (which has been shown to affect measures

of resting HRV [89]). Thus, while the overall effect of a

positive training adaptation on HFP is significant, the

Table 4 Available data and results for studies leading to decreased exercise performance included in meta-analysis

Study n Information available HR parameter (index) SMD

(post-pre)

SE (post-

pre)

Correlation

used

Bellenger et al. 2015

[19]

10 Treatment-specific summaries, 95 % CI

provided by authors

HR acceleration (cycling) -0.48 0.13 0.92

HR acceleration (running) -0.43 0.22 0.75

Thomson et al. 2015

[53]

11 Treatment-specific summaries, 95 % CI

provided by authors

Post-exercise HRR 0.82 0.32 0.42

Nelson et al. 2014 [18] 8 Treatment-specific summaries, 95 % CI

provided by authors

HR acceleration -0.65 0.55 -0.18

Post-exercise HRR 0.46 0.12 0.94

Le Meur et al. 2013

[39]

16 Individual specific data provided by authors Resting HRV (supine;

RMSSD)

0.39 0.21 0.66

Resting HRV (supine;

HFP)

0.14 0.20 0.70

Resting HRV (stand;

RMSSD)

0.34 0.17 0.80

Resting HRV (stand;

HFP)

0.49 0.13 0.87

Chalencon et al. 2012

[40] OR1

10 Treatment-specific summaries Resting HRV (HFP) -0.34 0.27 0.70a

Chalencon et al. 2012

[40] OR2

10 Treatment-specific summaries Resting HRV (HFP) -0.26 0.26 0.70a

Dupuy et al. 2012 [41] 11 Treatment-specific summaries Resting HRV (4hS;

RMSSD)

0.17 0.25 0.66a

Resting HRV (4hS; HFP) 0.49 0.37 0.70a

Resting HRV (4hS; SD1) 0.17 0.25 0.66a

Resting HRV (SWS;

RMSSD)

0.01 0.25 0.66a

Resting HRV (SWS;

HFP)

-0.05 0.23 0.70a

Resting HRV (SWS; SD1) -0.09 0.25 0.66a

Post-exercise HRV

(MAS; RMSSD)

0.59 0.46 0.11a

Post-exercise HRV

(MAS; HFP)

0.66 0.53 -0.42a

Post-exercise HRV (TTE;

RMSSD)

0.68 0.41 0.11a

Post-exercise HRV (TTE;

HFP)

0.33 0.51 -0.42a

Post-exercise HRR

(MAS)

0.08 0.33 0.42a

Post-exercise HRR (TTE) 0.46 0.32 0.42a

Hedelin et al. 2000

[34]

9 Treatment-specific summaries Resting HRV (HFP) -0.31 0.30 0.70a

CI confidence interval, HR heart rate, HFP high-frequency power from spectral analysis, HRR heart rate recovery, HRV heart rate variability,

MAS maximal aerobic speed, n sample size, OR 1 overreaching training period 1, OR 2 overreaching training period 2, RMSSD root-mean-square

difference of successive normal R–R intervals from time-domain analysis, SD1 standard deviation of instantaneous beat-to-beat R–R interval

variability from Poincare plots, SE standard error of SMD, SMD standardized mean difference, SWS HRV recorded during periods of slow wave

sleep, TTE time to exhaustion, 4hS HRV recorded during 4 h of continuous sleep
a Correlation assumed
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Fig. 2 Effect of training leading to a increased and b decreased

exercise performance on resting heart rate variability. CI confidence

interval, GHRV group randomized to perform training guided by daily

HRV assessment, GnHRV group randomized to perform a predeter-

mined training program without the use of daily HRV assessment,

HFP high-frequency power, n number of participants, HRV heart rate

variability, OR 1 overreaching training period 1, OR 2 overreaching

training period 2, PNS parasympathetic nervous system, RMSSD the

root-mean-square difference of successive normal R–R intervals, SD1

standard deviation of instantaneous beat-to-beat R–R interval vari-

ability, SE standard error, Sit sitting, SMD standardized mean

difference, Sta standing, Sup supine, SWS slow-wave sleep, 4hS 4-h

sleep. Effects were quantified as trivial (\0.2), small (0.2–0.6),

moderate (0.61–1.2), large (1.21–2.0), and very large ([2.0)
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findings of this review may suggest that RMSSD is a more

reliable marker of training status. This finding is in

agreement with the recent views of Buchheit [28] and

Plews et al. [29], which suggest that RMSSD be utilized as

the preferred index of HRV for the monitoring of athletic

training status.

Sub-group analyses of the postural and recording time of

day combinations may also explain some of the statistical

heterogeneity in the analysis of HFP. These sub-analyses

demonstrate decreased heterogeneity when HFP is assessed

during overnight sleep [0.38 ± 0.37; I2 = 30 %

(P = 0.23)]; however, heterogeneity remains in supine

assessments at the time of laboratory assessments

[0.45 ± 0.52; I2 = 67 % (P = 0.08)] and during seated

assessments upon morning waking [0.33 ± 0.63;

I2 = 56 % (P = 0.13)] and at the time of laboratory

assessments [0.57 ± 0.77; I2 = 63 % (P = 0.10)].

Although some statistical heterogeneity in HFP (and

indeed in other indices of HRV) may theoretically be

attributed to methodological issues such as assessment

Fig. 2 continued

Athletic Training Status and Autonomic Heart Rate Regulation 1475

123



posture and the time of day at which the recording was

taken, the small number of studies that could be included in

the sub-group analyses within this review demand that

these findings be interpreted with caution. Indeed, this

review indicates that more research is required to fully

deduce the impact of these methodological considerations

on resting HRV.

The overall increase in resting parasympathetic HR

modulation demonstrated by RMSSD and HFP suggest that

these vagal-related measures of resting HRV may be

Table 5 Sub-group analyses of the effect of training leading to increased or decreased exercise performance on resting heart rate variability

Posture HRV

index

Time of day

Morning waking Sleeping At time of laboratory test

Studies reporting increased exercise performance

Supine RMSSD 0.57 (0.32–0.82) [31] 0.51 (0.02–1.00) P = 0.04; I2 = 70 %

(P = 0.07) [30a, 48a]

NA

HFP NA 0.38 (0.02–0.75) P = 0.04; I2 = 30 %

(P = 0.23) [30b, 48b]

0.45 (-0.07 to 0.97) P = 0.09;

I2 = 67 % (P = 0.08) [32, 33]

SD1 NA 0.28 (-0.09 to 0.65) [30c] NA

Pooled 0.57 (0.32–0.82) [31] 0.40 (0.20–0.60) P\ 0.001; I2 = 33 %

(P = 0.20) [30a,b,c, 48a,b]

0.45 (-0.07 to 0.97) P = 0.09;

I2 = 67 % (P = 0.08) [32, 33]

Seated RMSSD NA NA 0.58 (-0.10 to 1.25) P = 0.09;

I2 = 52 % (P = 0.15) [46a, 47a]

HFP 0.33 (-0.30 to 0.96) P = 0.30;

I2 = 56 % (P = 0.13) [35a, 35b]

NA 0.57 (-0.20 to 1.34) P = 0.15;

I2 = 63 % (P = 0.10) [46b, 47b]

SD1 0.51 (0.12–0.90) [50] NA -0.08 (-1.06 to 0.90) [46c]

Pooled 0.42 (0.09–0.75) P = 0.01;

I2 = 23 % (P = 0.27) [35a,b, 50]

NA 0.59 (0.25–0.92) P\ 0.001;

I2 = 47 % (P = 0.11) [46a,b,c,

47a,b]

Standing RMSSD NA NA NA

HFP 0.92 (0.18–1.67) P = 0.01;

I2 = 71 % (P = 0.06) [35a, 35b]

NA NA

SD1 -0.32 (-1.05 to 0.41) [36] NA NA

Pooled 0.54 (-0.30 to 1.38) P = 0.20;

I2 = 82 % (P = 0.003) [35a,b, 36]

NA NA

Studies reporting decreased exercise performance

Supine RMSSD 0.39 (-0.02 to 0.80) [39a] 0.09 (-0.26 to 0.44) P = 0.61; I2 = 0 %

(P = 0.65) [41a, 41b]

NA

HFP 0.14 (-0.25 to 0.53) [39b] -0.10 (-0.40 to 0.20) P = 0.52;

I2 = 20 % (P = 0.29); [40a, 40b, 41c,

41d]

-0.31 (-0.90 to 0.28) [34]

SD1 NA 0.04 (-0.31 to 0.39) P = 0.82; I2 = 0 %

(P = 0.46) [41e, 41f]

NA

Pooled 0.26 (-0.02 to 0.54) P = 0.07;

I2 = 0 % (P = 0.39) [39a,b]

-0.01 (-0.19 to 0.17) P = 0.87;

I2 = 0 % (P = 0.61) [40a,b, 41a,b,c,d,e,f]

-0.31 (-0.90 to 0.28) [34]

Seated No studies identified

Standing RMSSD 0.34 (0.01–0.67) [39c] NA NA

HFP 0.49 (0.24–0.74) [39d] NA NA

SD1 NA NA NA

Pooled 0.43 (0.23–0.64) (P\ 0.001);

I2 = 0 % (P = 0.48) [39c,d]

NA NA

Data are SMD (95 % CI), statistical significance; I2 heterogeneity statistic (statistical significance of heterogeneity) [study reference number]

HFP high-frequency power from spectral analysis, HRV heart rate variability, NA not applicable, RMSSD root-mean-square difference of

successive normal R–R intervals from time-domain analysis, SD1 standard deviation of instantaneous beat-to-beat R–R interval variability from

Poincare plots, SMD standardized mean difference
a,b,c,d,e,f Represent multiple HRV measures within a single study

1476 C. R. Bellenger et al.

123



sensitive markers for detecting and monitoring positive

adaptations to training in athletic populations. This

increase in parasympathetic modulation is the result of the

classical physiological adaptations shown following

endurance training interventions. These adaptations have

been described extensively [5, 90, 91], but briefly, endur-

ance training causes a volume load on the heart, which in

turn stimulates an increase in left ventricular internal

dimension and wall thickness, and in end-diastolic volume

(due to increased plasma volume and decreased peripheral

resistance), ultimately leading to an increase in stroke

volume. An enhanced stroke volume allows for a decrease

in HR to maintain cardiac output (at least at rest and during

sub-maximal exercise) while decreasing the metabolic load

on the heart and creating a more efficient time-pressure

relationship. The decrease in HR at rest is due in part to an

increase in parasympathetic modulation, which is conse-

quently reflected in an increase in vagal-related indices of

HRV.

4.1.2 Training Leading to Decreased Exercise

Performance

This review identified seven studies designed to induce a

state of overreaching and evaluate its effect on resting

HRV; however, due to the inclusion criteria set, only four

studies were eligible for inclusion in meta-analysis. These

studies showed a small increase in RMSSD (0.26 ± 0.21),

but trivial changes in HFP and SD1 (0.04 ± 0.29 and

0.04 ± 0.35, respectively). The analysis of HFP was again

Fig. 3 Effect of training leading to increased and decreased exercise

performance on post-exercise heart rate recovery. CI confidence

interval, GHIT group randomized to perform HIT intervention, GRS

group randomized to perform repeated sprint training intervention,

HIT high-intensity training, HRR heart rate recovery, MAS maximal

aerobic speed, n number of participants, SE standard error, SMD

standardized mean difference, TT time trial, TTE time to exhaustion.

Effects were quantified as trivial (\0.2), small (0.2–0.6), moderate

(0.61–1.2), large (1.21–2.0), and very large ([2.0)
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affected by statistical heterogeneity, and thus these results

also suggest that RMSSD may be a more sensitive marker

of training status than HFP. However, it should be noted

that only two studies (each with two data points) were

included in the analysis of RMSSD, and consequently this

interpretation may be biased by such a small sample size

with multiple comparisons from the same studies.

The presence of statistical heterogeneity within the

analysis of HFP is likely caused by the apparent dis-

agreement in the directional change of HFP amongst the

identified studies; Dupuy et al. [41] and Le Meur et al. [39]

showed increases, but Hedelin et al. [34] and Chalencon

et al. [40] showed decreases. Such disagreement extends

beyond those studies included in meta-analysis, with three

studies included only in qualitative synthesis also showing

conflicting effects. Baumert et al. [44] and Garet et al. [42]

showed decreases in HFP (and also RMSSD) following

2–3 weeks of overload training leading to reductions in

exercise performance, while Bosquet et al. [43] found

increased HFP following 3 weeks of overload training.

Taken together, the results of these seven studies high-

light that HFP can increase or decrease in association with

overreaching-induced reductions in exercise performance

(which may also apply to measures of RMSSD given the

small number of data points analysed in this review). The

recent studies of Plews et al. [67, 86] and Le Meur et al.

[39] offer two potential explanations for the disagreement

between these studies. First, Plews et al. [67] showed that

the distribution of training intensity affects the directional

change in vagal-related indices of HRV, with extended

periods of training at high intensities (i.e., at a power

output greater than that associated with the individual

anaerobic threshold) inducing decreases in parasympathetic

modulation, and training at low intensities (i.e., at a power

output less than that associated with the individual aerobic

threshold) resulting in increases in parasympathetic mod-

ulation. This may explain the results of Bosquet et al. [43]

and Baumert et al. [44], since Bosquet et al. [43] showed an

increase in HFP in response to a 100 % increase in the time

spent in long-duration low-intensity running, which may

closely approximate the intensity associated with the aer-

obic threshold, while Baumert et al. [44] showed a decrease

in RMSSD and HFP in response to training at 85–90 % of

maximum HR, which may be considered an intensity close

to or above the anaerobic threshold. However, the results of

Hedelin et al. [34] and Le Meur et al. [39] cannot be

explained by the findings of Plews et al. [67], with Hedelin

et al. [34] reporting a decrease in HFP despite the increase

in training load eliciting a 25 % increase in the amount of

time spent above the anaerobic threshold, and a 67 %

increase in the amount of time spent below this threshold.

Le Meur et al. [39] reported increases in RMSSD and HFP

bFig. 4 Effect of training leading to a increased and b decreased

exercise performance on post-exercise heart rate variability. CI

confidence interval, GHIT group randomized to perform high-

intensity training intervention, GRS group randomized to perform

repeated sprint training intervention, HFP high-frequency power,

HRV heart rate variability, MAS maximal aerobic speed, n number of

participants, PNS parasympathetic nervous system, RMSSD the root-

mean-square difference of successive normal R–R intervals, SD1

standard deviation of instantaneous beat-to-beat R–R interval vari-

ability, SE standard error, SMD standardized mean difference, TTE

time to exhaustion. Effects were quantified as trivial (\0.2), small

(0.2–0.6), moderate (0.61–1.2), large (1.21–2.0), and very large

([2.0)

Fig. 5 Effect of training leading to increased and decreased exercise

performance on heart rate acceleration. CI confidence interval, HR

heart rate, NA not applicable, n number of participants, SE standard

error, SMD standardized mean difference. Effects were quantified as

trivial (\0.2), small (0.2–0.6), moderate (0.61–1.2), large (1.21–2.0),

and very large ([2.0)
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despite similar percentage increases (*45 %) in the

amount of time spent above and below the anaerobic and

aerobic thresholds, respectively, and a 65 % increase in the

amount of time spent between these thresholds. Chalencon

et al. [40], Dupuy et al. [41], and Garet et al. [42] did not

report exercise intensity distribution sufficiently to draw

conclusions on this potential moderator variable.

Additionally, Le Meur at al. [39] and Plews at al. [82, 86]

recently found that calculating weekly or 7-day rolling

averages of HRV (i.e., average of HRV recordings taken

each day during their interventions) resulted in enhanced

sensitivity for detecting changes in training status compared

with isolated measures of HRV (i.e., the HRV recordings

taken on the days pre- and post-intervention). These studies

showed greater effect sizes, and effect sizes that more clo-

sely approximated the concurrent change in performance,

when utilizing average measures compared with isolated

measures [39, 86]. Plews et al. [86] also found that changes

in average HRV correlated more strongly with changes in

performance compared with changes in isolated measures,

demonstrating a heightened sensitivity of average HRV

values for tracking performance changes. The greater effect

size and heightened sensitivity of average HRV is likely due

to the diminished influence of large day-to-day variations in

measures of resting HRV, thereby increasing the signal-to-

noise ratio of this parameter [28]. Such variability

(*12.5 % co-efficient of variation for vagal-related indices

[88]) may be caused by any number of variables that affect

the measurement of HRV, including sleep quality and

quantity [35], loud startling noises and the presence of light

[10], psychological stressors [92], environmental conditions

[93], exercise-induced changes in blood plasma volume

[67], and the presence of residual (acute) fatigue from pre-

vious training sessions [94]. Effectively, average measures

of HRV are able to smooth the noise in isolated values of

HRV, allowing for improved accuracy and more meaningful

assessment of training status. Given these recent findings,

the disagreement in overreaching-induced directional

change in resting HFP may be due to the studies reviewed

using isolated measures of HRV.

If the above hypothesis is correct, then the single study by

Le Meur et al. [39] utilizing weekly average measures of HRV

would provide the best current evidence for the effect of heavy

training on resting indices of HRV, and this study showed an

increase in parasympathetic modulation at rest (as assessed by

RMSSD and HFP: SMD = 0.62 and 0.91, respectively) in

functionally overreached athletes. These authors refer to this

increase as parasympathetic hyperactivity and suggest that its

presence during maximal exercise may limit the ability to

fully engage the sympathetic nervous system, which is sup-

ported by the reduction in maximal HR found in their study,

and in many other studies of overreaching (see Bosquet et al.

[9] and Achten and Jeukendrup [95] for reviews), ultimately

leading to a reduction in maximal cardiac output and reduced

performance. Unfortunately, the mechanism by which a

parasympathetic hyperactivity manifests during heavy train-

ing is not well understood at present.

With the limited research on measures of weekly or

7-day rolling average HRV in studies of overreaching,

more research is required to confirm the findings of Le

Meur et al. [39] and elucidate the mechanism by which

potential parasympathetic hyperactivity occurs in the

functionally overreached state.

We also need to acknowledge here that the recording

posture and/or time of day may explain some of the

heterogeneity and lack of agreement in resting HRV in

studies leading to decreased performance; however, the

small number of studies in these sub-analyses means that

caution should be taken when interpreting their findings.

This review may offer some support for standing measures

(0.43 ± 0.20) over supine measures (0.26 ± 0.28) of

resting HRV during morning waking assessments, although

potential bias from the single study in these sub-analyses

[39] warrants additional research to confirm these results.

By extension, these morning waking sub-analyses may also

offer some support for this recording over supine record-

ings taken during periods of sleep (-0.01 ± 0.18) and at

the time of laboratory visits (-0.31 ± 0.59).

4.2 Post-Exercise HRR

4.2.1 Training Leading to Increased Exercise

Performance

A moderate (0.63 ± 0.40) increase in post-exercise HRR

was found in studies inducing improvements in perfor-

mance, highlighting it as a marker of positive training

adaptation. However, the analysis of post-exercise HRR

was significantly affected by statistical heterogeneity,

which may be caused by the intensity of the exercise pre-

ceding the measurement of HRR, since this has previously

been shown to affect the reliability of this parameter’s

assessment [88, 96]. The studies identified by this review

demonstrated a wide range in exercise intensity utilized

(*68–98 % of maximum HR; Tables 1 and 2).

Since HRR is the result of coordinated interaction

between parasympathetic re-activation and sympathetic

withdrawal [3], the improvement in HRR following training

interventions inducing improvements in performance may

be due to an increase in parasympathetic and/or a decrease in

sympathetic modulation of HR. Such change in autonomic

activity is supported by cross-sectional research, where a

faster HRR was demonstrated in athletes than in non-ath-

letes, and these athletes had greater levels of parasympa-

thetic HR modulation as assessed by resting HRV [97, 98].

An increase in parasympathetic modulation in this context is
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supported by the increase in resting parasympathetic mod-

ulation discussed in Sect. 4.1.1, and may be considered a

positive adaptation to training as it would allow for a faster

return to homeostasis following an exercise stress [90].

4.2.2 Training Leading to Decreased Exercise

Performance

While few studies to date have investigated the effects of

overreaching training leading to decreased exercise per-

formance on HRR (only three studies were identified),

those that are available indicated that HRR was accelerated

under these conditions (0.46 ± 0.20).

It is interesting to note that while the majority of studies

identified for inducing increases in performance assessed

HRR following exercise bouts at sub-maximal intensities,

all three studies inducing reductions in performance

assessed HRR after maximal exercise. Since the aim of

continuous monitoring of HR parameters is to predict

training status (for which the gold standard assessment is

maximal performance), the finding of accelerated HRR in

an overreached state in these three studies is essentially

redundant, since a measure of performance (time to com-

plete a set distance, time to exhaustion, maximal aerobic

power, or speed) was also measured. Additionally, it may

be contraindicated to have an athlete exercise at maximal

intensities if they are at risk of developing non-functional

overreaching or overtraining, since this will only exacer-

bate the condition. Future studies should therefore inves-

tigate the effect of overreaching on HRR derived from sub-

maximal intensities to ascertain whether it is truly a prac-

tically applicable measure of fatigue status.

The faster HRR in an overreached state does seem to be

paradoxical considering that this review also showed a

faster HRR when athletes experienced improvements in

performance. However, this finding does align with the

potential parasympathetic hyperactivity shown by Le Meur

et al. [39] using weekly average values of resting HRV.

Given the interaction of parasympathetic re-activation

(responsible for the early and rapid deceleration in HR

following exercise) and sympathetic withdrawal (respon-

sible for a relatively slower deceleration) to the decrease in

post-exercise HRR [14, 99], it is known that excessive

sympathetic stimulation during exercise causes a slower

HRR when withdrawn, while lower sympathetic stimula-

tion causes a faster HRR [3]. Thus, it may be hypothesized

that training interventions inducing a parasympathetic

hyperactivity (and/or a decrease in sympathetic stimula-

tion) result in a faster HRR. The three studies identified by

this review all measured HRR at the cessation of maximal

exercise, and their interventions induced a decrease in

maximal HR (SMD = -0.52), indicating that parasympa-

thetic and/or sympathetic modulation were indeed

heightened and/or reduced, respectively, potentially lead-

ing to a faster HRR in the fatigued state. In further support

of this hypothesis, there is recent evidence of a correlation

between decreased catecholamine excretion at maximal

exertion (indicative of decreased sympathetic modulation)

and increased HRR in overreached athletes [100].

The increase in HRR in an overreached state makes the

interpretation of changes in this parameter following

changes in training load difficult. Since this review sug-

gests that HRR is increased when athletes experience

increases and decreases in performance, supplementary

markers of training load and tolerance of this training load

(e.g., subjective questionnaires) may be required to put

these changes into context. For example, if training load is

increased substantially and athletes report negative toler-

ance to such an increase, then an increase in HRR likely

reflects a negative response to training (potentially a

functionally overreached state leading to reduced perfor-

mance) and may indicate the need for training load to be

reduced to facilitate subsequent positive adaptions to

training.

4.3 Post-Exercise HRV

4.3.1 Training Leading to Increased Exercise

Performance

Training interventions leading to increased performance

resulted in moderate increases in post-exercise RMSSD

(0.60 ± 0.34), HFP (0.90 ± 0.85), and SD1 (1.20 ± 1.13),

demonstrating an increase in post-exercise parasympathetic

HR modulation as a positive adaptation to training. This

finding is in line with the changes in resting HRV and post-

exercise HRR identified in this review, which also

demonstrate an increase in parasympathetic modulation

(and/or a decrease in sympathetic activity in the case of

HRR). Again, the increase in post-exercise vagal-related

indices of HRV is likely due to classical cardiovascular

adaptations discussed in Sect. 4.1.1; however, in a similar

sense to post-exercise HRR, these adaptations indicate a

heightened ability to return to homeostasis following an

exercise stressor.

4.3.2 Training Leading to Decreased Exercise

Performance

Only one study was identified for investigating the effect of

overreaching interventions leading to decreased perfor-

mance on post-exercise HRV. However, this study assessed

both RMSSD and HFP following two independent exercise

tasks, and thus multiple comparisons were made. The

results of this study show a moderate increase in RMSSD

(0.64 ± 0.60), and a small increase in HFP (0.49 ± 0.77),
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leading to a small increase in pooled vagal-related indices

of HRV (0.58 ± 0.46). These results suggest that training

leading to decreased performance results in an increase in

post-exercise parasympathetic HR modulation. While this

interpretation should be considered with care since this

analysis includes only a single study with potential bias

from multiple measures, these results may be supported by

the analysis of post-exercise HRR which also shows an

increase in parasympathetic modulation (and/or a decrease

in sympathetic modulation) of HRR under conditions of

fatigue. Given the relative lack of research on post-exercise

HRV following overreaching interventions, more research

on this autonomic HR parameter as an indicator of over-

reaching is warranted.

4.4 HR Acceleration

This review highlights the relative lack of research on HR

acceleration kinetics at the onset of exercise as a marker of

autonomic HR regulation and athletic training status. A

single study was identified for assessing the effect of

positive training adaptation on this parameter, while two

studies were identified for quantifying the effect of nega-

tive training adaptation.

4.4.1 Training Leading to Increased Exercise

Performance

A large (1.34 ± 1.08) increase in HR acceleration as a

positive adaptation to training was found in the single study

evaluating this parameter. While caution must be taken

when interpreting the results of this parameter, given the

limited research, this finding supports the cross-sectional

research of Bunc et al. [16], who found faster HR accel-

eration in trained athletes than in untrained subjects. The

identified study also reported a large increase in oxygen

uptake acceleration kinetics at the onset of exercise

(SMD = 1.81), supporting the hypothesis that improved

HR acceleration contributes to a more rapid increase in

oxygen delivery to active muscle, which may reduce

peripheral muscle fatigue and facilitate improved

performance.

Since it has been shown that the rapid increase in HR at

the onset of exercise is a result of parasympathetic with-

drawal, with sympathetic activation causing a relatively

slower increase in HR as exercise intensity increases [6, 15,

101], an increase in HR acceleration may be indicative of

an increase in parasympathetic and/or a decrease in sym-

pathetic modulation of the HR response. These mecha-

nisms are supported by the various findings of this review,

with an increase in parasympathetic modulation shown by

measures of resting and post-exercise HRV (and possibly

post-exercise HRR) as a positive training adaptation, and a

decrease in sympathetic modulation perhaps demonstrated

by post-exercise HRR.

4.4.2 Training Leading to Decreased Exercise

Performance

A moderate (-0.48 ± 0.21) decrease in HR acceleration,

as measured by rHRI, was found following overreaching

interventions, suggesting that this parameter may be a

useful marker for identifying the accumulation of training-

induced fatigue.

The slowing of rHRI under conditions of fatigue is

likely the result of a shift in the balance of parasympathetic

and/or sympathetic HR regulation as shown by the various

HR parameters assessed in this review (i.e., a potential

parasympathetic hyperactivity and/or suppression of sym-

pathetic modulation). Given that relatively little is known

about rHRI at present, the exact mechanism is poorly

understood and should be the focus of future research.

The small body of literature currently conducted on HR

acceleration at the onset of exercise demonstrates that

increases in this parameter reflect a positive training

adaptation, and decreases reflect an accumulation of

training-induced fatigue. However, the results of Bellenger

et al. [19] suggest that rHRI may be affected by exercise

intensity in a similar sense to HRR, and thus an optimal

intensity may be required to most sensitively apply this

parameter as a marker of training status. It is also presently

unknown whether HR acceleration, in a similar sense to

resting HRV, is a more sensitive marker of training status

when assessed daily, allowing for a rolling or weekly

average to be utilized rather than isolated pre- and post-

intervention values, which may be more variable. As such,

more research on HR acceleration as a marker of athletic

training status is warranted.

5 Limitations

Where applicable, this review attempted to investigate and

explain the presence of any statistical heterogeneity in the

HR parameters assessed. As mentioned in earlier sections,

this heterogeneity may be the result of methodological

issues in the assessment of HRV and HRR. However, it

should be acknowledged that the presence of heterogeneity

in any of the HR parameters assessed in this review may

simply be the result of variance in the magnitude of per-

formance change induced by each study, since it may be

assumed that those studies inducing a larger change in

performance should also elicit a larger change in auto-

nomic HR regulation. The range of performance change

shown in Tables 1 and 2 is likely influenced by differences

in the intensity versus volume distribution of each training
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intervention, and the length of time that it was performed

for, in addition to the subtle differences in the caliber of

athletes utilized in these studies (i.e., recreational vs. elite).

This literature review may also be limited by the indi-

vidual studies identified failing to differentiate those ath-

letes who were truly overreached (i.e., experiencing a

decline in performance) from those that were only ‘acutely

fatigued’ (i.e., experiencing preserved performance but

with high levels of perceived fatigue) [102]. As a result of

inter-individual variability, not all athletes within a cohort

will necessarily become overreached by the end of a

training intervention. However, many studies reported the

mean effect of the intervention on performance but not the

number of individuals who experienced a meaningful

decline in performance. Thus, it was difficult to determine

whether the HR response in those athletes experiencing

acute fatigue differed from the response in those athletes

who were truly overreached. If it were indeed varied, this

response may attenuate the true effect of overreaching on

autonomic HR regulation, and decrease its sensitivity for

predicting athletic training status. Future overreaching

studies should therefore account for such inter-athlete

variability, potentially by performing sub-group analyses

on acutely fatigued and overreached athletes, excluding

acutely fatigued athletes from analyses (provided the

study’s aim was to investigate the effect of overreaching on

autonomic HR regulation), or at the very least reporting

how many athletes were truly overreached.

Additionally, this review could not accurately differen-

tiate between the training states of functional overreaching,

non-functional overreaching, or overtraining. From a

practical view, since a state of functional overreaching may

ultimately lead to super-compensatory performance adap-

tations, coaches and athletes would be utilizing parameters

of autonomic HR regulation to identify this state of training

before training-induced fatigue gives way to non-func-

tional overreaching or overtraining, as these states may

result in longer-term attenuation of performance. However,

since this review could not differentiate between these

training states, it is difficult to determine whether the HR

response in athletes experiencing functional overreaching

differs from that of athletes who are experiencing non-

functional overreaching or overtraining. Again, this may

attenuate the true effect of functional overreaching on

autonomic HR regulation and decrease its sensitivity for

predicting athletic training status.

6 Conclusion

This review sought to examine the effect of training

interventions inducing positive and negative adaptations to

training, as characterized by improvements and decrements

in exercise performance respectively, on measures of

autonomic HR regulation.

With regard to interventions inducing improvements in

performance, concurrent increases in measures of resting

HRV, post-exercise HRV, post-exercise HRR, and HR

acceleration were found. These increases were likely the

result of increases in parasympathetic HR modulation (and/

or decreases in sympathetic modulation in the case of post-

exercise HRR and HR acceleration) facilitated by positive

adaptations to athletic training.

Studies leading to reductions in performance suggested

that overreaching had little effect on resting HRV, as there

appears to be disagreement in the direction of change in

vagal-related indices of HRV. This disagreement may be

the result of methodological issues that should be inves-

tigated further, namely the effect of utilizing isolated

values compared with weekly/rolling average values, and

also the impact of posture and recording time of day.

Additionally, this review highlights that increases in post-

exercise HRR occur in association with both increases and

decreases in exercise performance, which makes the use of

post-exercise HRR as an isolated marker of athletic

training status difficult. Consequently, additional moni-

toring variables, such as quantification of total training

load and the rate at which that training load is applied, in

addition to the athlete’s subjective perception of training

tolerance, may be required to contextualize changes in

HRR. Surprisingly, only one study investigated the effect

of overreaching training on post-exercise HRV, and again

found an increase in this marker, also making its inter-

pretation in isolation difficult. Limited studies have

investigated the effect of training on HR acceleration, and

thus more research is required. However, this review

shows a decrease in this HR acceleration in response to

overreaching training, and thus it may be a potential

indicator of training-induced fatigue.
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