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Monitoring variations in the functioning of the autonomic nervous system may help 
personalize training of runners and provide more pronounced physiological adap-
tations and performance improvements. We systematically reviewed the scientific 
literature comparing physiological adaptations and/or improvements in performance 
following training based on responses of the autonomic nervous system (ie, changes 
in heart rate variability) and predefined training. PubMed, SPORTDiscus, and Web 
of Science were searched systematically in July 2019. Keywords related to endur-
ance, running, autonomic nervous system, and training. Studies were included if they 
(a) involved interventions consisting predominantly of running training; (b) lasted at 
least 3 weeks; (c) reported pre- and post-intervention assessment of running perfor-
mance and/or physiological parameters; (d) included an experimental group perform-
ing training adjusted continuously on the basis of alterations in HRV and a control 
group; and (e) involved healthy runners. Five studies involving six interventions and 
166 participants fulfilled our inclusion criteria. Four HRV-based interventions re-
duced the amount of moderate- and/or high-intensity training significantly. In five 
interventions, improvements in performance parameters (3000 m, 5000 m, Loadmax, 
Tlim) were more pronounced following HRV-based training. Peak oxygen uptake 
(V̇O2peak) and submaximal running parameters (eg, LT1, LT2) improved following 
both HRV-based and predefined training, with no clear difference in the extent of 
improvement in V̇O2peak. Submaximal running parameters tended to improve more 
following HRV-based training. Research findings to date have been limited and in-
consistent. Both HRV-based and predefined training improve running performance 
and certain submaximal physiological adaptations, with effects of the former training 
tending to be greater.
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1 |  INTRODUCTION

Training programs balance an individual´s load and recovery 
procedures in order to promote optimal physiological adap-
tations, to enhance performance, and to minimize the risk of 
non-functional overreaching, overtraining, and consequent 
deleterious effects on health.1-4

On the basis of previous theory and/or coaching expe-
rience, training programs are predefined in micro-, meso-, 
and/or macrocycles based on the assumption that improve-
ments in performance, as well as physiological adaptations 
for any given population, follow a predictable time-course.5 
However, individual responses to predefined training pro-
grams vary widely, with some experiencing non-functional 
overreaching, overtraining, and compromised health.1,2,6,7 
The close physiological monitoring of an athletes’ individual 
response to a training program, in a convenient and unobtru-
sive manner for both athlete and/or their team, would allow 
the training program to be appropriately optimized.1,8

It has been proposed that functional assessment of the 
autonomic nervous system (ANS) could provide valuable 
information concerning certain physiological responses to 
training.9,10 The ANS regulates fundamental processes of di-
rect relevance to overall recovery, for example, by controlling 
the delivery of oxygen and nutrients, removal of waste prod-
ucts that accumulate during exercise, and thermoregulation 
by the cardiovascular system.9 Consequently, alterations in 
ANS regulation reflect certain aspects of the restoration of 
cardiovascular homeostasis and may aid in identification of 
balance between training and recovery.9

In practice, regulation of the ANS can be assessed by 
different parameters of heart rate variability (HRV), that is, 
the variation in the time interval between consecutive heart-
beats.9,11,12 HRV reflects the balance between parasympa-
thetic (vagal) and sympathetic activation, a key aspect of 
recovery and stress.13 Thus, negative responses to training 
and/or non-functional overreaching are associated with re-
ductions in vagal indices of HRV (and therefore impaired 
recovery), whereas increases in such indices are associated 
with improvements in performance.10,14 Consequently, mea-
surement of HRV in association with adaptations and re-
sponses to exercise may assist in the planning of training.1,8

Different HRV metrics assessing different physiological 
aspects of the ANS can be derived by the time or frequency 
domain. It is beyond the scope of this review to list each of 
these metrics, their physiological context, and limitations in 
a sufficient manner. In this regard, interested readers are re-
ferred to existing articles, which do so eloquently.12,15,16

Appropriate assessment of HRV can be difficult to 
achieve, and interpretation of the data obtained was chal-
lenging, since parameters are influenced by a wide variety 
of factors (eg, noise, light, temperature, posture) and, more-
over, vary greatly between individuals.15,17 In order to ensure 

high-quality data that allow proper interpretation, all testing 
must be strictly standardized and each runner needs to estab-
lish his/her individual baseline HRV over a certain period of 
time. For example, a reduction of HRV from a baseline value 
might be indicative of impaired recovery (eg, from previous 
training sessions), in which case it might be appropriate to 
lower the intensity, volume and/or frequency of training.

In the past, HRV has been monitored primarily employ-
ing cumbersome laboratory equipment, but as a result of 
advancements in wearable sensor technology with respect to 
data collection, design of algorithms, and interpretation of 
and feedback concerning data related to heart rate, informa-
tion on HRV is now readily available to both recreational and 
elite runners.18 While elite athletes have well-educated and 
experienced coaches with whom they regularly discuss their 
training, recreational runners without such guidance may 
benefit considerably from planning their training on the basis 
of automated data.19

Although recent studies have revealed that training guided 
by HRV improves certain physiological variables related to 
performance,14,20 a systematic review of the literature on rec-
reational runners in this context is lacking. Consequently, the 
aim here was to systematically review the scientific literature 
on whether, in the case of runners, training based on vagal 
indices of HRV improves performance and/or physiological 
adaptation to a greater extent than predefined training.

2 |  METHODS

2.1 | Inclusion criteria

This review sought to identify all scientific publications in-
volving comparisons between predesigned training programs 
and programs based on variations in the autonomic nervous 
system of runners.

2.2 | Study populations

All articles reporting on healthy runners of any age and level 
of performance were included.

2.3 | Interventions

The studies included involved incorporated interventions (a) 
consisting predominantly of running training with (b) pre- 
and post-intervention assessment of exercise performance 
and/or physiological parameters related to running perfor-
mance; (c) lasting for at least 3 weeks to provide sufficient 
time for adaptions; (d) performing continuous adjustment of 
the training of the intervention group based on alterations in 
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HRV-related parameters; (e) including a control group with-
out such adjustment; and (f) employing wearable sensors to 
monitor parameters related to HRV.

Our review is not limited to any HRV metric.

2.4 | The outcomes examined

Assessment of performance included maximal parameters 
(eg, time to volitional exhaustion during an appropriate test). 
The physiological parameters examined included maximal 
(eg, V̇O2peak) and submaximal (eg, VO2submax, HRsubmax, ex-
pressed as percentages of the corresponding maximal values) 
indicators of cardiometabolic status.

2.5 | Publication status and language

Our search was limited to original articles published in 
peer-reviewed journals and written in English. References 
cited by the articles retrieved were also examined for po-
tential relevance. Conference abstracts, dissertations, the-
ses, and other non-peer-reviewed articles were excluded. 
Figure  1 illustrates the screening and selection process 
employed.

2.6 | Search strategy

A systematic review was performed in accordance with the 
Preferred Reporting Items of Systematic Reviews and Meta-
analysis (PRISMA).21 The electronic databases searched in-
cluded PubMed, SPORTDiscus, and Web of Science (with 
no restriction concerning publication date), and the follow-
ing search strings were used: HRV OR heart rate variability 
OR autonomic nervous system AND guided OR training OR 
biofeedback AND endurance OR running OR exercise OR 
aerobic.

2.7 | Selection and quality 
assessment of articles

The identified articles were incorporated into EndNote X9 
(Clarivate Analytics, Philadelphia, USA), where duplicates 
were eliminated. The titles and abstracts of all potentially rel-
evant articles were screened for eligibility by one of the au-
thors (PD), with independent verification by a second author 
(BS). The full texts of articles that met the criteria for inclu-
sion were then retrieved and screened. When disagreements 
between reviewers arose, consensus was achieved through 
discussion or input from a third author (CZ).

F I G U R E  1  Selection of the articles to 
be analyzed, from initial identification to 
inclusion
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2.8 | Data extraction and analysis

From the articles thus selected, the first author (PD) ex-
tracted data and another author (BS) confirmed the ac-
curacy of this extraction. The information extracted 
concerned details of publication (authors, year, journal, 
publication date), characteristics of the study population 
(age, sample size, sex), study design (duration of interven-
tion, nature of the training planned, description of HRV 
measurements, criteria on which decisions to modify train-
ing were based), and outcomes (difference between the in-
tervention and control groups with respect to parameters 
related to performance, as well as physiological and bio-
mechanical parameters).

2.9 | Assessment of methodological quality

The methodological quality of the articles included was as-
sessed by application of the Physiotherapy Evidence Database 
(PEDro) scale (described in detail elsewhere22,23). In brief, 
for each of the 10 criteria fulfilled (eg, blinding of subjects, 
blinding of assessors, the similarity of the subjects in the ex-
perimental and control groups prior to the intervention), one 
point was given, the total possible score being 10 points.22,23 
The risk of bias was assessed independently by two of the 
authors (PD and CZ), with any disagreements again being 
resolved by consensus or through discussion with a third au-
thor (BS).

3 |  RESULTS

3.1 | Study characteristics

Of the 5209 articles initially identified, only five fulfilled 
all the criteria for inclusion in the analysis. All exhibited a 
PEDro score of 7 and were published between 2007 and 2017 
(Table 1).

The study characteristics, including the predefined 
training schedule, assessment of HRV, and the manner in 

which the training loads were altered, are summarized in 
Table 2.

One study involved two intervention groups whose train-
ing was adjusted on the basis of HRV.24

The interventions ranged from four20 to eight8,14,24,25 
weeks, and a total of 172 participants (80 women) 
were involved. The baseline V̇O2peak ranged from 
49 to 56  mL  kg−1∙min-−1 for the male,14,20,24,25 and 
35-37 mL kg−1 min−1 for the female participants24; in one 
study, the participants’ V̇O2peak

8 prior to the investigation 
was not reported. Three studies involved only running,8,20,25 
another one mainly running (~60% of the training sessions, 
with ~13% cycling and ~27% other),24 and one involved 
running and five sessions of strength training during the 
8-week intervention.14

In four studies, HRV was assessed in the morning,14,20,24,25 
and in the fifth in the afternoon/evening.8 Different HRV 
parameters were reported: Three studies measured the 
root mean sum of squared differences (rMSSD),8,14,25 one 
high-frequency power,20 and the remaining SD1 (standard 
deviation of the instantaneous beat-to-beat variability in 
the R-R interval, obtained from Poincaré plots).24 All of the 
studies assessed individual HRV during a baseline period of 
3,14 725 or 10 days8,20,24 immediately prior to the period of 
intervention.

Three studies employed wearables manufactured by 
Polar Electro (Polar Electro OY, Kempele, Finland),8,20,24 
a wearable manufactured by Garmin (Garmin Ltd, 
Schaffhausen, Switzerland),14 and another a Omegawave 
Ltd device (Omegawave Ltd., Helsinki, Finland).25 All 
of these wearables, which are commonly employed to as-
sess HRV in athletes, use a chest belt to record relevant 
parameters.

The major outcomes assessed and compared with per-
formance and physiological and biomechanical parameters 
included maximal running velocity (vmax)

14,20 or maximal 
load on a cycle ergometer (Loadmax)

24; mean velocity during 
a 3000-m time-trial of running25; time required to complete 
a 5000-m running time-trial8; time until volitional exhaus-
tion at maximal running velocity8; peak oxygen consump-
tion14,20,24,25; velocity at the first (LT1) and second (LT2) 

Article

Item on the PEDro scale

1a 2 3 4 5 6 7 8 9 10 11 Total

[25] 1 1 1 1 0 0 0 1 1 1 1 7

[24] 1 1 1 1 0 0 0 1 1 1 1 7

[20] 1 1 1 1 0 0 0 1 1 1 1 7

[14] 1 1 1 1 0 0 0 1 1 1 1 7

[8] 1 1 1 1 0 0 0 1 1 1 1 7
aNot included in calculation of the total PEDro score. 

T A B L E  1  The scores on the PEDro 
scale for each study of the articles included
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lactate thresholds14; and ventilatory threshold (VT).20 All 
outcomes are summarized in Tables 3 and 4.

3.2 | Training parameters

As documented in Table  2, four HRV-based interventions 
involved significantly fewer moderate- and/or high-intensity 
sessions of exercise than the predefined training8,20,24,25; one 
more moderate-intensity sessions24; and in one case, there 
was no difference.14

3.3 | Performance

Table  3 summarizes performance (eg, t3000  m, 5000  m, 
Loadmax, tlim at vmax) following training that was prede-
fined or adjusted on the basis of HRV, with statistical analy-
ses of the differences within and between these two groups. 
Comparison revealed non-significant differences between 
these groups with respect to two parameters related to 
Loadmax

24; a trivial effect (ES 0.00) on t3000 m14; significant 
differences in two other parameters related to Loadmax

20,24; 
and small-to-large effects (ES  =  0.29-0.93) on 3000  m, 
5000 m, vmax, and tlim at vmax speaking in favor for HRV-
guided training.8,14,25

3.4 | Maximal and submaximal 
physiological variables

Table 4 summarizes the maximal and submaximal values for 
performance parameters obtained following training that was 
predefined or adjusted on the basis of HRV, with statistical 
analyses of the differences within and between these two 
groups. In the case of V̇O2peak, no significant difference was 
observed in three cases,20,24 a small positive effect of HRV-
guided training (ES 0.42) in one case,14 and a small negative 
effect (ES 0.26) of such training in another.25 In connection 
with one intervention, V̇O2peak was not assessed.8 Of the 
three studies in which the submaximal physiological param-
eters LT1, LT2 and VT were assessed, two reported small and 
moderate positive effects (ES = 0.25-0.54) of HRV-guided 
training,8,14,25 while in the third, no significant differences 
were observed.14

4 |  DISCUSSION

This systematic review revealed that both predefined and 
HRV-based training enhanced running performance, as well 
as several relevant physiological variables. The major com-
parative findings were as follows:

1. Although their training load was higher relative to the 
baseline period, 4 of 6 HRV-based training interventions 
involved fewer sessions of moderate- and/or high-intensity 
exercise than predefined training.

2. In 5 of the 6 interventions, improvements in per-
formance were more pronounced following 
HRV-based training (according to Tables 1 and 2: ap-
proximately  +  10%) than after the predefined training 
(mean approximately + 6%).

3. Both HRV-based and predefined training improved 
V̇O2peak, with no clear difference between the two in this 
respect.

4. Submaximal running outcomes (ie, LT1, LT2, VT) im-
proved to a greater extent with HRV-based training (mean 
approximately + 5%) than predefined training (mean ap-
proximately 3%).

5. These conclusions should be considered as somewhat pre-
liminary, since the research available in this area is both 
limited and inconsistent.

4.1 | Outcome measures

With the HRV-based training, the load (eg, intensity, vol-
ume, and frequency of training sessions) decreased as HRV 
declined. This was not unexpected since HRV is typically 
reduced following an elevation in training load.

Typically, HRV is reduced following an elevation of train-
ing load and, vice versa, this variability is greater with lower 
training loads.11 In fact, according to the present analysis, 
the load (eg, intensity, volume, and frequency of sessions) 
adjusted on the basis of HRV decreased as this variability 
declined. Nonetheless, although both forms of training im-
proved running performance, most parameters related to 
performance were improved to a greater extent following 
HRV-based training.

4.2 | Analysis of the variation in 
outcome measures

From our present analysis, it remains unclear whether the im-
provements in performance (eg, time to exhaustion or time 
required to run 5000  m) and physiological outcomes (eg, 
V̇O2peak) obtained with HRV-based training are less variable, 
with fewer non-responders, than in the case of predefined 
training. Vesterinen and colleagues25 reported a trend toward 
less variation in 3000-m time-trial performance following 
HRV-based training (−1% to 6%) versus after predefined 
training (−4% to 8%). The former involved 5-24 high-inten-
sity sessions versus the 11-21 high-intensity sessions of pre-
defined training, and the authors argue that this indicates that 
the timing of high-intensity sessions in HRV-based training 
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diminishes variation in adaptation.25 In this connection, con-
trolled cross-over studies (eg, controlling for inter-individual 
differences such as genetic predisposition) of intra-individual 
performance and physiological responses are warranted.

4.3 | Increases in training load

Certain aspects of the methodological approaches employed 
to elucidate potential differences in physiological responses 
to HRV-based and predefined training need to be considered. 
In most cases, the individual increases in training load from 
baseline to the intervention period were unclear, since, unfor-
tunately, baseline characteristics were not reported in detail. 
This not only makes comparisons between studies difficult, 
but also prevents reliable evaluation of the effectiveness of 
HRV-based training. To clearly establish differences in the 
responses to HRV-based and predefined training, the increase 
in training load from baseline to intervention must be known 
(eg, determined by training impulse [TRIMP] calculations6), 
since an increased volume, intensity, and/or frequency should 
result in activation of the expression of various genes and 
specific physiological adaptations.

Differences in the type of training load applied are also im-
portant. It is well known that equal training loads (based on, 
eg, TRIMP or % V̇O2peak) of different sorts may result in het-
erogeneous metabolic challenges and, consequently, substan-
tially different physiological and performance responses.6,26

4.4 | Different HRV metrics

As briefly mentioned in Introduction, different metrics from 
time or spectral analysis can be derived from HRV and some 
reflect more cardiac sympathetic activity, while others tend 
to reflect cardiac parasympathetic (vagal) activity. The in-
terventions included in this systematic review employed 
either rMSSD, SD1 obtained from Poincaré plots, or high-
frequency power. These metrics aim at indexing cardiac par-
asympathetic (vagal) activity and are highly correlated.27,28 
The current literature in this field is limited regarding which 
of these parameters is most suitable to guide training; how-
ever, from a practical point of view previous reports17 prefer 
rMSSD and SD1 to other metrics since (i) rMSSD and SD1 
can be obtained over limited time periods (eg, 10 s to 1 min), 
and (ii) compared to spectral indices, these metrics are less 
sensitive to confounding breathing patterns.

4.5 | Confounding factors

Since measurements of HRV is also influenced by factors 
not directly related to training, such as psychological (eg, St

ud
y
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work and/or academic) stress,9 we cannot be certain what 
the alterations in ANS underlying the HRV-based training 
actually reflect. Arguably, the source of stress may be ir-
relevant, since training at high intensities does not produce 
optimal outcomes, and it therefore appears logical to re-
cover with low-intensity exercise or no exercise at all.25 
Nevertheless, identifying the source of stress might allow 
reduction of its impact, thereby improving recovery and/or 
training strategies. For this purpose, more subjective and/
or objective data on the individual level are required.1 In 
addition, the lack of blinding concerning the identity of the 
groups in all of the studies described here might have influ-
enced the outcomes.

Previously, the values for parameters related to HRV have 
been shown to usually be lower when the heart rate itself is 
relatively high and vice versa.29 Thus, these values must be 
interpreted in relation to mean heart rate.30

With the growing number of novel wearable sensors 
and algorithms31 that allow monitoring of the ANS, HRV-
based training becomes available to more and more indi-
viduals. In this context, runners without the guidance of a 
coach might benefit most.19 Accordingly, on the basis of 
our present findings, we make the following practical rec-
ommendations for researchers and individuals interested in 
HRV-based training:

4.5.1 | Recommendations for researchers

(i) Controlled cross-over studies designed to assess intra-in-
dividual differences in responses to HRV-based training 
and predefined training should be performed.

(ii) The possibility that variation in physiological and perfor-
mance responses to HRV-based training is less than in the 
case of predefined training needs to be examined.

(iii) Baseline training characteristics and individual increases 
in training load during the intervention period should be 
reported routinely.

(iv) Procedures designed to assess whether the stress on the 
ANS stems from training and/or other stressors, and 
whether the source of stress influences responses to 
HRV-based training should be incorporated.

(v) All monitoring procedures should be standardized as 
fully as possible as also recommended elsewhere,17 the 
participants should be blinded as to whether they are 
performing predefined or HRV-guided training, and, as 
also mentioned above, HRV should be interpreted in 
relation to mean heart rate. Future sensor technologies, 
such as photoplethysmography, may allow perturbations 
in the ANS to be monitored more reliably, practically, 
and frequently32-35 but its application needs scientific 
evaluation.

4.5.2 | Recommendations for coaches and 
individual runners

HRV-based training should be used with care. In this con-
text, numerous confounding factors — such as post-exercise 
intake of fluid, sex, age and gender, baseline physical fitness, 
training status, training context, body position, and environ-
mental factors (eg, hypoxia or heat) — need to be taken into 
consideration.9,10,17 Measurements of HRV in the morning 
and, potentially, while standing are recommended.2,17

Although daily monitoring of HRV may be inconvenient, 
monitoring at least 3 or 4 times each week should be fea-
sible.17 Among the various approaches to assess HRV (eg, 
frequency domain indices), from a practical perspective time 
domain indices (eg, the square root of the mean of the sum of 
squares differences between adjacent R-R intervals (rMSSD)) 
and SD1 (standard deviation of the variability of the instanta-
neous beat-to-beat R-R interval as determined from Poincaré 
plots)) are the most reliable.2,17

Since inter-individual differences in HRV are consider-
able, we strongly advise establishing a baseline of “normal” 
daily fluctuations for each individual. The articles analyzed 
here all utilized different baseline periods to assess these 
daily fluctuations, and currently, to the best of our knowl-
edge, no consensus on this matter exists.

Finally, only a few wearable sensors designed to monitor 
HRV have yet been validated and consumers should select 
valid and reliable technology carefully.31

5 |  CONCLUSIONS

On the basis of this review, we conclude that 4-8 weeks of 
either HRV-based training or predefined training improves 
running performance and certain related physiological pa-
rameters (eg, VO2peak, VO2submax). Enhancement of perfor-
mance and submaximal physiological adaptations appear 
to be more pronounced with HRV-based training which in-
volves fewer sessions of moderate and/or intense training. 
These conclusions should be considered to be somewhat 
preliminary, since the available research in this area is both 
limited and inconsistent.

6 |  PERSPECTIVE

As a process, training programs should be frequently adjusted 
in order to maintain an individual´s balance between load and 
recovery and to enhance performance optimally. Information 
based on the day-to-day variation of the autonomic nerv-
ous system was proposed as potentially beneficial for such 
adjustments. This review identified studies in runners com-
paring physiological adaptations and/or improvements in 
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performance following training (average duration of interven-
tion 7.3 ± 1.6 weeks) based on the responses of the autonomic 
nervous system (ie, changes in heart rate variability) and pre-
defined training, while both HRV-based and predefined train-
ing improve running performance and certain submaximal 
physiological adaptations, with the effects of the former train-
ing tending to be greater. Due to advancements in wearable 
sensor technology, information on HRV is now readily avail-
able to both recreational and elite runners [14], aiding them to 
guide training if data are assessed and interpreted correctly.

ACKNOWLEDGEMENT
Open access funding enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST
PD, CZ, JLR, HCH, and BS: no conflicts of interest to declare.

ORCID
Peter Düking   https://orcid.org/0000-0003-0277-9858 
Christoph Zinner   https://orcid.org/0000-0002-5365-4847 
Jennifer L. Reed   https://orcid.org/0000-0001-8006-8555 

Hans-Christer Holmberg   https://orcid.
org/0000-0002-3814-6246 
Billy Sperlich   https://orcid.org/0000-0003-4686-8561 

REFERENCES
 1. Düking P, Achtzehn S, Holmberg HC, Sperlich B. Integrated 

framework of load monitoring by a combination of smartphone ap-
plications, wearables and point-of-care testing provides feedback 
that allows individual responsive adjustments to activities of daily 
living. Sensors (Basel). 2018;18(5):1632.

 2. Bellenger CR, Fuller JT, Thomson RL, Davison K, Robertson EY, 
Buckley JD. Monitoring athletic training status through autonomic 
heart rate regulation: a systematic review and meta-analysis. Sports 
Med. 2016;46(10):1461-1486.

 3. Soligard T, Schwellnus M, Alonso JM, et al. How much is too 
much? (Part 1) International Olympic Committee consensus 
statement on load in sport and risk of injury. Br J Sports Med. 
2016;50(17):1030-1041.

 4. Seiler KS, Kjerland GO. Quantifying training intensity distribution 
in elite endurance athletes: is there evidence for an "optimal" dis-
tribution? Scand J Med Sci Sports. 2006;16(1):49-56.

 5. Kiely J. Periodization paradigms in the 21st century: evidence-led or 
tradition-driven? Int J Sports Physiol Perform. 2012;7(3):242-250.

T A B L E  4  Physiological parameters following training based on HRV and predefined training

Study

V̇O2peak

(mL∙kg−1∙min−1) Physiological submaximal parameters

HRV Predefined training
Difference between HRV and  
predefined training HRV Predefined training

Difference between HRV and 
predefined training

Pre Post Change (%) Pre Post Change (%) Pre Post Change (%) Pre Post Change (%)

[25] 54.4 ± 6.2 56.4 ± 7.0 +3.7 ± 4.6 (%)* 53.0 ± 5.8 55.5 ± 5.8 +5.0 ± 5.2 (%)* 0.26 (small negative effect size) LT1
(km∙h−1)
11.0 ± 1.2

LT1
(km∙h−1)
11.3 ± 1.2

LT1
(%)
+2.8 ± 3.7*

LT1
(km∙h−1):
10.6 ± 1.4

LT1
(km∙h−1)
10.7 ± 1.5

LT1
(%)
+1.0 ± 2.9

LT1
(km∙h−1):
0.54 (moderate)

LT2
(km∙h−1)
13.4 ± 1.4

LT2
(km∙h−1)
13.8 ± 1.3

LT2
(%)
+2.6 ± 3.3*

LT2
(km∙h−1)
12.8 ± 1.6

LT2
(km∙h−1)
13.1 ± 1.5

LT2
(%)
+1.9 ± 2.2*

LT2
(km∙h−1):
0.25 (small)

[24] Men:
50 ± 6

Men:
54 ± 6

Men
+8.0 (%)

Men:
50 ± 7

Men:
53 ± 7

Men:
+6.0(%)*

Men:
n.s.

nr nr nr nr nr nr nr

Women:
36 ± 4

Women:
39 ± 3

Women:
+8.3 (%)

Women:
35 ± 5

Women:
37 ± 4*

Women:
+5.7(%)*

Woman:
n.s.

nr nr nr nr nr nr nr

[24] Women:
37 ± 5

Women:
40 ± 5

Women:
+8.1 (%)

Women:
37 ± 5

Women:
40 ± 5

Women:
+8.1 (%)

VO2peak:
n.s.

nr nr nr nr nr nr nr

[20] 56 ± 4 60 ± 5 +7.1 (%) * 54 ± 4 55 ± 3 +1.9 (%) n.s. VT
(km∙h−1):
12.0 ± 0.6

VT
(km∙h−1):
12.7 ± 0.5

VT
(%)
+5.8 *

VT
(km∙h−1):
11.8 ± 0.9

VT
(km∙h−1):
12.2 ± 0.9

VT
(%)
+3.4

VT
(km∙h−1):
n.s.

[14] 53.6 ± 4.2 56.7 ± 3.4 +5.7 (%)* 52.2 ± 4.1 56.4 ± 4.7* +8.0(%)* 0.42 (small effect) LT1
(km∙h−1):
11.0 ± 1.5

LT1
(km∙h−1):
11.8 ± 1.1

LT1
(%)
+7.3*

LT1
(km∙h−1):
11.6 ± 1.2

LT1
(km∙h−1):
12.2 ± 1.2

LT1
(%)
+5.1*

LT1:
0.32 (small effect)

LT2
(km∙h−1):
14.1 ± 1.0

LT2
(km∙h−1):
15.0 ± 1.1

LT2
(%)
+6.4*

LT2
(km∙h−1):
14.7 ± 0.9

LT2
(km∙h−1):
15.3 ± 1.2

LT2
(%)
+4.0*

LT2:
0.37 (small effect)

[8] nr nr nr nr nr nr nr nr nr nr nr nr nr nr

Abbreviations: 3000 m, time to run 3000 m; ES, effect size; m nr =not reported; n.s. not significant; VO2peak, individual peak systemic oxygen uptake.
*Sign. Different. 

https://orcid.org/0000-0003-0277-9858
https://orcid.org/0000-0003-0277-9858
https://orcid.org/0000-0002-5365-4847
https://orcid.org/0000-0002-5365-4847
https://orcid.org/0000-0001-8006-8555
https://orcid.org/0000-0001-8006-8555
https://orcid.org/0000-0002-3814-6246
https://orcid.org/0000-0002-3814-6246
https://orcid.org/0000-0002-3814-6246
https://orcid.org/0000-0003-4686-8561
https://orcid.org/0000-0003-4686-8561


   | 2303DÜKING et al.

 6. Zinner C, Olstad DS, Sperlich B. Mesocycles with Different 
Training Intensity Distribution in Recreational Runners. Med Sci 
Sports Exerc. 2018;50(8):1641-1648.

 7. Skinner JS, Wilmore KM, Krasnoff JB, et al. Adaptation to a stan-
dardized training program and changes in fitness in a large, hetero-
geneous population: the HERITAGE Family Study. Med Sci Sports 
Exerc. 2000;32(1):157-161.

 8. da Silva DF, Ferraro ZM, Adamo KB, Machado FA. Endurance 
running training individually-guided by Hrv in untrained women. J 
Strength Cond Res. 2017;33(3):736-746.

 9. Stanley J, Peake JM, Buchheit M. Cardiac parasympathetic reac-
tivation following exercise: implications for training prescription. 
Sports Med. 2013;43(12):1259-1277.

 10. Plews DJ, Laursen PB, Stanley J, Kilding AE, Buchheit M. 
Training adaptation and heart rate variability in elite endurance 
athletes: opening the door to effective monitoring. Sports Med. 
2013;43(9):773-781.

 11. Singh N, Moneghetti KJ, Christle JW, Hadley D, Plews D, 
Froelicher V. Heart rate variability: an old metric with new mean-
ing in the era of using mhealth technologies for health and exercise 
training guidance. Part one: physiology and methods. Arrhythm 
Electrophysiol Rev. 2018;7(3):193-198.

 12. Shaffer F, Ginsberg JP. An overview of heart rate variability met-
rics and norms. Front Public Health. 2017;5:258.

 13. Martinmaki K, Rusko H. Time-frequency analysis of heart rate 
variability during immediate recovery from low and high intensity 
exercise. Eur J Appl Physiol. 2008;102(3):353-360.

 14. Nuuttila OP, Nikander A, Polomoshnov D, Laukkanen JA, 
Hakkinen K. Effects of HRV-guided vs. predetermined block train-
ing on performance, HRV and serum hormones. Int J Sports Med. 
2017;38(12):909-920.

 15. Malik M, Bigger JT, Camm AJ, et al. Heart rate variability: 
Standards of measurement, physiological interpretation, and clini-
cal use. Eur Heart J. 1996;17(3):354-381.

 16. Draghici AE, Taylor JA. The physiological basis and measure-
ment of heart rate variability in humans. J Physiol Anthropol. 
2016;35(1):22.

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

 18. Dobbs WC, Fedewa MV, MacDonald HV, et al. The accuracy of 
acquiring heart rate variability from portable devices: a systematic 
review and meta-analysis. Sports Med. 2019;49(3):417-435.

 19. Düking P, Holmberg HC, Sperlich B. Instant biofeedback provided 
by wearable sensor technology can help to optimize exercise and 
prevent injury and overuse. Front Physiol. 2017;8:167.

 20. Kiviniemi AM, Hautala AJ, Kinnunen H, Tulppo MP. Endurance 
training guided individually by daily heart rate variability measure-
ments. Eur J Appl Physiol. 2007;101(6):743-751.

T A B L E  4  Physiological parameters following training based on HRV and predefined training

Study

V̇O2peak

(mL∙kg−1∙min−1) Physiological submaximal parameters

HRV Predefined training
Difference between HRV and  
predefined training HRV Predefined training

Difference between HRV and 
predefined training

Pre Post Change (%) Pre Post Change (%) Pre Post Change (%) Pre Post Change (%)

[25] 54.4 ± 6.2 56.4 ± 7.0 +3.7 ± 4.6 (%)* 53.0 ± 5.8 55.5 ± 5.8 +5.0 ± 5.2 (%)* 0.26 (small negative effect size) LT1
(km∙h−1)
11.0 ± 1.2

LT1
(km∙h−1)
11.3 ± 1.2

LT1
(%)
+2.8 ± 3.7*

LT1
(km∙h−1):
10.6 ± 1.4

LT1
(km∙h−1)
10.7 ± 1.5

LT1
(%)
+1.0 ± 2.9

LT1
(km∙h−1):
0.54 (moderate)

LT2
(km∙h−1)
13.4 ± 1.4

LT2
(km∙h−1)
13.8 ± 1.3

LT2
(%)
+2.6 ± 3.3*

LT2
(km∙h−1)
12.8 ± 1.6

LT2
(km∙h−1)
13.1 ± 1.5

LT2
(%)
+1.9 ± 2.2*

LT2
(km∙h−1):
0.25 (small)

[24] Men:
50 ± 6

Men:
54 ± 6

Men
+8.0 (%)

Men:
50 ± 7

Men:
53 ± 7

Men:
+6.0(%)*

Men:
n.s.

nr nr nr nr nr nr nr

Women:
36 ± 4

Women:
39 ± 3

Women:
+8.3 (%)

Women:
35 ± 5

Women:
37 ± 4*

Women:
+5.7(%)*

Woman:
n.s.

nr nr nr nr nr nr nr

[24] Women:
37 ± 5

Women:
40 ± 5

Women:
+8.1 (%)

Women:
37 ± 5

Women:
40 ± 5

Women:
+8.1 (%)

VO2peak:
n.s.

nr nr nr nr nr nr nr

[20] 56 ± 4 60 ± 5 +7.1 (%) * 54 ± 4 55 ± 3 +1.9 (%) n.s. VT
(km∙h−1):
12.0 ± 0.6

VT
(km∙h−1):
12.7 ± 0.5

VT
(%)
+5.8 *

VT
(km∙h−1):
11.8 ± 0.9

VT
(km∙h−1):
12.2 ± 0.9

VT
(%)
+3.4

VT
(km∙h−1):
n.s.

[14] 53.6 ± 4.2 56.7 ± 3.4 +5.7 (%)* 52.2 ± 4.1 56.4 ± 4.7* +8.0(%)* 0.42 (small effect) LT1
(km∙h−1):
11.0 ± 1.5

LT1
(km∙h−1):
11.8 ± 1.1

LT1
(%)
+7.3*

LT1
(km∙h−1):
11.6 ± 1.2

LT1
(km∙h−1):
12.2 ± 1.2

LT1
(%)
+5.1*

LT1:
0.32 (small effect)

LT2
(km∙h−1):
14.1 ± 1.0

LT2
(km∙h−1):
15.0 ± 1.1

LT2
(%)
+6.4*

LT2
(km∙h−1):
14.7 ± 0.9

LT2
(km∙h−1):
15.3 ± 1.2

LT2
(%)
+4.0*

LT2:
0.37 (small effect)

[8] nr nr nr nr nr nr nr nr nr nr nr nr nr nr

Abbreviations: 3000 m, time to run 3000 m; ES, effect size; m nr =not reported; n.s. not significant; VO2peak, individual peak systemic oxygen uptake.
*Sign. Different. 



2304 |   DÜKING et al.

 21. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred 
reporting items for systematic reviews and meta-analyses: the 
PRISMA Statement. Open Med. 2009;3(3):e123-e130.

 22. Olivo SA, Macedo LG, Gadotti IC, Fuentes J, Stanton T, Magee 
DJ. Scales to assess the quality of randomized controlled trials: a 
systematic review. Phys Ther. 2008;88(2):156-175.

 23. Maher CG, Sherrington C, Herbert RD, Moseley AM, Elkins M. 
Reliability of the PEDro scale for rating quality of randomized con-
trolled trials. Phys Ther. 2003;83(8):713-721.

 24. Kiviniemi AM, Hautala AJ, Kinnunen H, et al. Daily exercise pre-
scription on the basis of HR variability among men and women. 
Med Sci Sports Exerc. 2010;42(7):1355-1363.

 25. Vesterinen V, Nummela A, Heikura I, et al. Individual endurance 
training prescription with heart rate variability. Med Sci Sports 
Exerc. 2016;48(7):1347-1354.

 26. Scharhag-Rosenberger F, Meyer T, Gassler N, Faude O, 
Kindermann W. Exercise at given percentages of VO2max: hetero-
geneous metabolic responses between individuals. J Sci Med Sport. 
2010;13(1):74-79.

 27. Kleiger RE, Stein PK, Bigger JT Jr. Heart rate variability: mea-
surement and clinical utility. Ann Noninvasive Electrocardiol. 
2005;10(1):88-101.

 28. Ciccone AB, Siedlik JA, Wecht JM, Deckert JA, Nguyen ND, Weir 
JP. Reminder: RMSSD and SD1 are identical heart rate variability 
metrics. Muscle Nerve. 2017;56(4):674-678.

 29. Monfredi O, Lyashkov AE, Johnsen AB, et al. Biophysical char-
acterization of the underappreciated and important relation-
ship between heart rate variability and heart rate. Hypertension. 
2014;64(6):1334-1343.

 30. Stauss HM. Heart rate variability: just a surrogate for mean heart 
rate? Hypertension. 2014;64(6):1184-1186.

 31. Düking P, Hotho A, Holmberg HC, Fuss FK, Sperlich B. 
Comparison of Non-Invasive Individual Monitoring of the Training 
and Health of Athletes with Commercially Available Wearable 
Technologies. Front Physiol. 2016;7:71.

 32. Plews DJ, Scott B, Altini M, Wood M, Kilding AE, Laursen PB. 
Comparison of heart-rate-variability recording with smartphone 
photoplethysmography, Polar H7 chest strap, and electrocardiogra-
phy. Int J Sports Physiol Perform. 2017;12(10):1324-1328.

 33. Lu G, Yang F, Taylor JA, Stein JF. A comparison of photoplethys-
mography and ECG recording to analyse heart rate variability in 
healthy subjects. J Med Engineer Technol. 2009;33(8):634-641.

 34. Perrotta AS, Jeklin AT, Hives BA, Meanwell LE, Warburton DE. 
Validity of the elite HRV smartphone application for examining 
heart rate variability in a field-based setting. J Strength Cond Res. 
2017;31(8):2296-2302.

 35. Schafer A, Vagedes J. How accurate is pulse rate variability as an 
estimate of heart rate variability? A review on studies comparing 
photoplethysmographic technology with an electrocardiogram. Int 
J Cardiol. 2013;166(1):15-29.

How to cite this article: Düking P, Zinner C, Reed 
JL, Holmberg H-C, Sperlich B. Predefined vs data-
guided training prescription based on autonomic 
nervous system variation: A systematic review. Scand 
J Med Sci Sports. 2020;30:2291–2304. https://doi.
org/10.1111/sms.13802

https://doi.org/10.1111/sms.13802
https://doi.org/10.1111/sms.13802

