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ABSTRACT

Heart rate recovery (HRR) has been widely used to evaluate the integrity of the autonomic nervous system with a slower HRR being associated with greater
cardiovascular risk. Different HRR indices have been proposed. Some evaluate HR changes from the end of exercise to a specific recovery moment (e.g. 60s — HRR60s;
120s — HRR120s; 300s — HRR300s) and others calculate time-constant decays of HR for different recovery intervals (e.g. first 30s — T30; the entire period - HRRt).
Several studies have examined the reproducibility of these commonly-used HRR indices, but reported discordant findings. Thus, this systematic review was designed
to synthesize the reproducibility of HRR. We included studies that evaluated short-term (< 1 year) reproducibility of HRR after dynamic exercise by employing
typical measures of reliability (intraclass correlation coefficient, ICC) and agreement (coefficient of variation, CV). The electronic database PubMed/Medline was
searched for relevant studies published up to July 2018. From the initial 120 records identified, 15 studies were retained for the qualitative synthesis of 24
experimental conditions. During most experimental conditions, high ICC and desirable CV were reported for HRR60s (62.5 and 76.2%, respectively), HRR120s (55.6
and 71.4%) and HRR300s (50.0 and 100.0%). While, it were reported during the minority of conditions for HRRt (37.5 and 42.9%) and in none condition for T30 (0.0
and 0.0%). In conclusion, HRR60s, HRR120s and HRR300s exhibited good reproducibility for evaluating HRR in predominantly healthy males within research and

clinical settings. In contrast, caution should be taken when employing other HRR indices (T30, HRRt) due to their poorer reproducibility.

1. Introduction

Immediately after exercise, heart rate (HR) exponentially decreases
towards its pre-exercise levels, which is known as “heart rate recovery”
(HRR) (Coote, 2010; Imai et al., 1994; Pecanha et al., 2014a, 2014b;
Perini et al., 1989a). This response is mainly determined by cardiac
autonomic restoration and, therefore, HRR has been widely used as a
non-invasive tool for evaluating the integrity of the autonomic nervous
system (Coote, 2010; Imai et al., 1994; Pecanha et al., 2016; Pecanha
et al., 2014a, 2014b; Perini et al., 1989b). In healthy humans, post-
exercise HR usually takes 5--10 min to reach resting values (Pecanha
et al., 2014a, 2014b), but a longer period might be necessary after high-
intensity exercises (Seiler et al., 2007). In various clinical populations
(Bienias et al., 2018; Kanegusuku et al., 2016; Pecanha et al., 2018;
Racine et al., 2003), a slower HRR has been reported and identified as a
marker of cardiac dysautonomia. In addition, longitudinal studies have
shown that a slower HRR after maximal and submaximal dynamic ex-
ercise is an independent and powerful predictor of overall and cardio-
vascular mortalities in patients with (Lachman et al., 2018) and without
cardiovascular disease (Qiu et al., 2017).

Regarding the kinetics of HRR, two distinct phases can be identified
(Pecanha et al., 2014a, 2014b). The first phase consists of a rapid de-
cline of post-exercise HR and is primarily modulated by

parasympathetic reactivation (Imai et al., 1994). The second phase is
characterized by a slower reduction of post-exercise HR resulting from
sympathetic withdrawal and parasympathetic reactivation (Perini
et al., 1989b). Different indices have been reported as markers of HRR
with their physiological meanings dependent upon the HRR phase they
evaluate (Pecanha et al., 2016). For example, the HR reduction after
1 min of recovery (HRR60s) and the short-term time constant of HRR
(T30) represent the fast phase of HRR and parasympathetic reactivation
(Pecanha et al., 2014a, 2014b). On the other hand, the HR reduction
after 2 (HRR120s) and 5 min (HRR300s) of recovery, as well as the time
constant of HRR after exponential fitting (HRRt) mainly reflect the slow
phase (Pecanha et al., 2014a, 2014b) of HRR and the actions of both
autonomic nerve branches (sympathetic withdrawal and para-
sympathetic restoration). Therefore, the use of specific HRR indices
should be carefully considered with selection based on the HRR phase
and the mechanism of interest. Further, the selection of HRR indices
should take into account their reproducibility as a key methodological
element for assuring consistent findings (Atkinson and Nevill, 1998;
Hopkins, 2000).

Numerous studies have examined the reproducibility of several HRR
indices (Al Haddad et al., 2011; Arduini et al., 2011; Bonato et al.,
2018; Bosquet et al., 2008; Boullosa et al., 2014; Buchheit et al., 2008,
2010; Dupuy et al., 2012; Fecchio et al., 2018; Lamberts et al., 2009;
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Lamberts et al., 2011; Mellis et al., 2014; Otter et al., 2015; Rabbani
et al., 2018; Tonello et al., 2016; Tulumen et al., 2011; Veugelers et al.,
2016; Yawn et al., 2003) and a wide range of results has been reported.
For example, the intraclass correlation coefficient (ICC), an index of
reliability that defines the capacity of a measure to distinguish subjects
in a given population, was reported to range from 0.12 (T30) to 0.99
(HRR60s) (Dupuy et al., 2012; Lamberts et al., 2009). Similarly, for the
coefficient of variation (CV), an index of agreement that quantifies the
within-individual variability between repeated measurements, values
were reported to range from 3.4 (HRR60s) to 90.1% (T30) (Arduini
et al., 2011; Lamberts et al., 2011). These large variations in results
raise serious concerns about the reproducibility of HRR indices and
require further clarification.

Given the widespread use of HRR in assessing healthy and clinical
populations (Pecanha et al., 2014a, 2014b), the prognostic significance
of HRR (Lachman et al., 2018; Qiu et al., 2017), and the inconsistencies
amongst prior studies of HRR reproducibility, the current study aimed
to systematically review the reproducibility of commonly employed
HRR indices. It was expected that the review outcomes would clarify
the reproducibility of HRR indices and assist clinicians and researchers
with the selection of the most appropriate indices for their intended
purposes.

2. Methods
2.1. Literature search

The US National Library of Medicine and National Institutes of
Health (i.e., PubMed) database was independently searched by two
authors using the following terms and strategy: (“heart rate recovery”
or “post-exercise heart rate” or “parasympathetic reactivation”) and
(“reproducibility” or “reliability” or “agreement” or “validity” or “test-
retest” or “accuracy” or “typical error” or “intraclass correlation coef-
ficient” or “standard error of measurement” or “limits of agreement” or
“coefficient of variation”). The search included all sources up to July
31, 2018. To complement the database, additional manual searches of
the reference lists of identified articles were also performed.

2.2. Selection criteria

A flow diagram depicting the search and screening process is shown
in Fig. 1. The literature search initially identified 118 records and 2
other records were identified by manual search. In a first analysis, re-
cords were reduced to 61 by removing duplicate records. Afterwards,
studies were excluded based upon not meeting the following criteria
after abstract review: 1) being an original study; 2) conducted with
humans; 3) conducted using dynamic exercise (e.g. walking, running,
cycling, rowing, etc.), given that HRR association with non-fatal and
fatal cardiovascular outcomes has only been demonstrated with this
type of exercise (Lachman et al., 2018; Qiu et al., 2017); and 4) in-
cluding repeated tests. The full texts of the remaining studies were as-
sessed for eligibility, and studies were excluded if they did not utilize
typical measures of reliability (i.e. ICC) (Atkinson and Nevill, 1998; de
Vet et al., 2006) and/or agreement (i.e. CV) (Atkinson and Nevill, 1998;
de Vet et al., 2006; Hopkins, 2000). The combination of ICC and CV was
chosen to provide a comprehensive reproducibility evaluation by as-
sessing both reliability and agreement. In addition, both indices have
proposed cutoffs limits for their interpretations, allowing posterior
descriptive analyses, and their results are expressed in relative terms
(ICC varies within a 0.0 to 1.0 scale and CV is a percentage of measure
error in relation to variable mean value), allowing the comparison of
different HRR indices and studies results. Lastly, one study was ex-
cluded because it evaluated longer-term HRR reproducibility, em-
ploying an interval of 1year between the repeated tests. After these
steps, 15 studies were retained and included in the qualitative synth-
esis. From these, some studies evaluated more than one experimental

Autonomic Neuroscience: Basic and Clinical 221 (2019) 102582

condition by comparing different populations or exercise protocols. For
example, the Dupuy et al.'s study (Dupuy et al., 2012) evaluated, in a
cross-over design, the HRR reproducibility after both submaximal and
maximal exercises, and reported reproducibility results for each ex-
ercise intensity. In such cases, 2 experimental conditions were con-
sidered. In the cited example, the result for the maximal exercise and
the result for the submaximal exercise were considered as two different
experimental conditions. Given that, the 15 retained studies resulted in
24 different experimental conditions.

2.3. Data extraction

Data were extracted by one author (R.Y.F) and checked by another
(T.P.) with discrepancies resolved by critical discussion. The following
descriptive characteristics of each study were extracted: 1) sample size;
2) sample characteristics (i.e. gender, age, physical training status and
health condition); 3) exercise protocol characteristics (i.e. exercise
mode, exercise intensity and recovery protocol) (Table 1). Subse-
quently, the reproducibility outcomes of the following HRR indices
were extracted: 1) HRR60s (i.e. Decay of Heart Rate in 60s after ex-
ercise); 2) T30 (i.e. Short Term Time Constant); 3) HRR120s (Decay of
Heart Rate in 120 s after exercise); 4) HRR300s (Decay of HR in 300s
after exercise); and 5) HRRt (Time Constant of Heart Rate Recovery
after Exponential Fitting) (Table 2).

2.4. Data analysis

Reproducibility was considered by measures of reliability based on
ICC and agreement based on CV (Atkinson and Nevill, 1998; de Vet
et al., 2006). Reliability was considered high when the ICC was =0.75,
moderate when the ICC was between 0.75, and 0.40 and low when the
ICC was < 0.40 (Szklo and Nieto, 2000). Agreement was considered
desirable when the CV < 20.0%, intermediate when the CV was be-
tween 20.0 and 30.0% and undesirable when the CV was > 30.0%
(Rosner, 2011).

3. Results
3.1. Study characteristics

Table 1 lists the characteristics of the reviewed studies. Considering
the fifteen studies (Al Haddad et al., 2011; Arduini et al., 2011; Bonato
et al., 2018; Bosquet et al., 2008; Boullosa et al., 2014; Buchheit et al.,
2008; Dupuy et al., 2012; Fecchio et al., 2018; Lamberts et al., 2009;
Lamberts et al., 2011; Otter et al., 2015; Rabbani et al., 2018; Tonello
et al., 2016; Tulumen et al., 2011; Veugelers et al., 2016), sample size
ranged from 12 to 52 subjects and the mean age varied from 16 to
64 years. Ten studies (66.7%) evaluated only males (Al Haddad et al.,
2011; Bonato et al., 2018; Boullosa et al., 2014; Buchheit et al., 2008;
Dupuy et al., 2012; Fecchio et al., 2018; Lamberts et al., 2009; Otter
et al., 2015; Rabbani et al., 2018; Veugelers et al., 2016), one (6.7%)
evaluated only females (Tonello et al., 2016) and four studies (26.7%)
included both males and females (Arduini et al., 2011; Bosquet et al.,
2008; Lamberts et al., 2011; Tulumen et al., 2011). Regarding health
status, fourteen studies (93.3%) examined healthy subjects, (Al Haddad
et al., 2011; Arduini et al., 2011; Bonato et al., 2018; Bosquet et al.,
2008; Boullosa et al., 2014; Buchheit et al., 2008; Dupuy et al., 2012;
Lamberts et al., 2009; Lamberts et al., 2011; Otter et al., 2015; Rabbani
et al., 2018; Tonello et al., 2016; Tulumen et al., 2011; Veugelers et al.,
2016) while only one study (6.7%) examined a clinical population
composed of patients with intermittent claudication (Fecchio et al.,
2018). Most of the studies employed an exercise protocol involving
walking or running exercise (73.3%) (Al Haddad et al., 2011; Bonato
et al., 2018; Bosquet et al., 2008; Boullosa et al., 2014; Buchheit et al.,
2008; Dupuy et al., 2012; Fecchio et al., 2018; Lamberts et al., 2011;
Rabbani et al., 2018; Tulumen et al., 2011; Veugelers et al., 2016),



R.Y. Fecchio, et al.

118 records identified through

database searches

2 records identified through

additional searches

61 records after duplicates removed

61 records screened

25 full-text articles assessed

for eligibility

15 studies and 24
different experimental
conditions included in

qualitative synthesis
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59 duplicate records
removed

36 records excluded based on

abstract review

e Not being an original study;
e Not Conducted with humans;
e Without dynamic exercise;

e Notincluded repeated tests.

10 full-text articles excluded because:

e Did not assess ICC or CV;
e  Evaluated longer-term HRR

reproducibility .

Fig. 1. Flow diagram of the study. CV = coefficient of variation; HRR = heart rate recovery; ICC = intraclass correlation coefficient.

submaximal intensity workload (80.0%) (Al Haddad et al., 2011;
Arduini et al., 2011; Bosquet et al., 2008; Buchheit et al., 2008; Dupuy
et al., 2012; Lamberts et al., 2009; Lamberts et al., 2011; Otter et al.,
2015; Rabbani et al., 2018; Tonello et al., 2016; Tulumen et al., 2011;
Veugelers et al., 2016), and inactive recovery (80.0%) (Al Haddad
et al., 2011; Arduini et al., 2011; Bonato et al., 2018; Bosquet et al.,
2008; Buchheit et al., 2008; Dupuy et al., 2012; Fecchio et al., 2018;
Lamberts et al., 2009; Lamberts et al., 2011; Otter et al., 2015; Rabbani
et al., 2018; Veugelers et al., 2016). Lastly, thirteen studies (86.7%) (Al
Haddad et al., 2011; Arduini et al., 2011; Bonato et al., 2018; Bosquet
et al., 2008; Boullosa et al., 2014; Buchheit et al., 2008; Dupuy et al.,
2012; Lamberts et al., 2009; Lamberts et al., 2011; Otter et al., 2015;
Rabbani et al., 2018; Tonello et al., 2016; Veugelers et al., 2016) ob-
tained HR through telemetric breast belt devices (e.g. Polar HR
monitor) and the other two studies (13.3%) (Fecchio et al., 2018;
Tulumen et al., 2011) by electrocardiography.

3.2. Reproducibility of HRR indices — fast phase

Reproducibility of HRR60 (Fig. 2) was examined by all fifteen stu-
dies (Al Haddad et al., 2011; Arduini et al., 2011; Bonato et al., 2018;
Bosquet et al., 2008; Boullosa et al., 2014; Buchheit et al., 2008; Dupuy
et al., 2012; Fecchio et al., 2018; Lamberts et al., 2009; Lamberts et al.,
2011; Otter et al., 2015; Rabbani et al., 2018; Tonello et al., 2016;
Tulumen et al., 2011; Veugelers et al., 2016). Reliability analysis was
conducted in sixteen different experimental conditions. The HRR60s
was reported as highly reliable (ICC = 0.77-0.99) for ten conditions
(62.5%) (Arduini et al., 2011; Bonato et al., 2018; Dupuy et al., 2012;
Fecchio et al., 2018; Lamberts et al., 2009; Otter et al., 2015; Rabbani
et al., 2018; Tulumen et al., 2011; Veugelers et al., 2016) and moder-
ately reliable (ICC = 0.43-0.70) for the remaining six conditions
(37.5%) (Bosquet et al., 2008; Boullosa et al., 2014; Buchheit et al.,
2008; Dupuy et al., 2012; Tonello et al., 2016). HRR60s agreement was
evaluated during twenty one different experimental conditions with
desirable agreement (CV = 3.4-14.7%) reported for sixteen of them
(76.2%) (Al Haddad et al., 2011; Bonato et al., 2018; Dupuy et al.,
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Table 2
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Summary of reproducibility measures reported in eligible studies of the systematic review.

Study HRR60s T30

HRR120s

HRR300s

HRRt

Al Haddad et al. (2011) Submaximal
CV = 25.7%
Supramaximal
CV = 14.7%"

Arduini et al. (2011) Lower submaximal Lower submaximal Lower submaximal

ICC = 0.81* ICC = 0.56
CV = 34.0% CV =90.1%

ICC = 0.68
CV = 41.3%

Higher submaximal Higher submaximal Higher submaximal

ICC = 0.78* ICC = 0.55
CV = 34.9% CV = 67.7%
Bonato et al. (2018) Supramaximal
ICC = 0.91*
CV = 10.9%"
Bosquet et al. (2008) Submaximal
ICC =0.43
Maximal
ICC = 0.58
Boullosa et al. (2014) Maximal
ICC = 0.64
CV = 23.3%
Buchheit et al. (2008) Submaximal Submaximal
ICC = 0.70 ICC =0.73
Dupuy et al. (2012) Submaximal Submaximal
ICC = 0.69 ICC = 0.23
CV = 12.5%" CV = 50.0%
Maximal Maximal
ICC = 0.77* ICC = 0.12
CV = 10.8%" CV = 72.6%
Fecchio et al. (2018) Maximal
ICC = 0.92*¢
CV = 13.2%"
Lamberts et al. (2009) Submaximal
ICC = 0.99¢
CV = 4.2%"
Lamberts et al., 2011 Submaximal standard protocol
Lower fitness level
CV = 10.6%"
Medium fitness level
CV =3.4%*
Higher fitness level
CV = 10.5%"
Submaximal adapted protocol
Lower fitness level
CV = 4.7%"
Medium fitness level
CV = 5.2%"
Higher fitness level
CV = 4.4%"
Otter et al. (2015) Submaximal
ICC = 0.93*
CV = 8.1%"
Rabbani et al. (2018) Submaximal
ICC = 0.84*
CV = 7.0%"
Tonello et al. (2016) Submaximal Submaximal
ICC =0.51 ICC = 0.20
CV = 6.3%" CV = 75.3%
Tulumen et al. (2011) Submaximal
ICC = 0.88
CV = 23.2%
Veugelers et al. (2016) Submaximal
ICC = 0.94~
CV = 9.2%"

ICC = 0.76 *
CV =29.7%

Submaximal
ICC = 0.60
Maximal
ICC = 0.62
Maximal
ICC = 0.89*
CV = 8.4%"

Maximal
ICC = 0.88*
CV = 12.2%"

Submaximal
ICC = 0.39
CV = 6.5%"
Submaximal
ICC = 0.88*
CV = 12.4%*
Maximal
ICC = 0.90*
CV = 6.0%"

Submaximal
ICC = 0.57
Maximal
ICC = 0.71
Maximal
ICC = 0.78
CV = 7.0%"

Maximal
ICC = 0.93
CV = 8.6%"

Submaximal
ICC = 0.37
CV = 6.9%"
Submaximal
ICC = 0.82*
CV = 10.1%*

Submaximal
CV = 32.1%
Supramaximal
CV = 24.3%

Supraximal
ICC = 0.96*
CV = 13.5%"
Submaximal
ICC =0.43
Maximal
ICC =0.71
Maximal
ICC = 0.84~
CV = 13.2%"
Submaximal
ICC = 0.86*
Submaximal
ICC = 0.47
CV = 29.8%
Maximal
ICC = 0.74
CV = 11.5%"

Submaximal
ICC = 0.36
CV = 31.3%

CV = coefficient of variation; HRR60s = heart rate reduction after 60s of recovery; HRR120s = heart rate reduction after 120 s of recovery; HRR300s = heart rate
reduction after 300 s of recovery; HRRt = long-term time constant of HRR after exponential fitting ICC = intraclass correlation coefficient; T30 = short-term time
constant of HRR after linear fitting. ICC = 0.75 was considered as high reliability (*), ICC between 0.75 and 0.40 as moderate reliability and ICC < 0.40 as low
reliability. CV < 20% was considered as desirable agreement (#), CV between 20% and 30% was considered as intermediate agreement and CV > 30% was

considered as undesirable agreement.

2012; Fecchio et al., 2018; Lamberts et al., 2009; Lamberts et al., 2011;
Otter et al., 2015; Rabbani et al., 2018; Tonello et al., 2016; Veugelers
et al.,, 2016), intermediate agreement (CV = 23.2-25.7%) for three
(14.3%) (Al Haddad et al., 2011; Boullosa et al., 2014; Tulumen et al.,

2011) and undesirable agreement (CV = 34.0-34.9%) for the last two
conditions (9.5%) (Arduini et al., 2011).

The reproducibility of T30 (Fig. 2) was examined by four studies
(Arduini et al., 2011; Buchheit et al., 2008; Dupuy et al., 2012; Tonello
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Fig. 2. Synthesis of the reproducibility (reliability and agreement) results from included studies that evaluated the fast (HRR60 — panel a; T30 — panel b) and slow

phase (HRR120s - panel ¢; HRR300 - panel d; HRRt — panel e) HRR indices.

et al., 2016). Reliability was examined during six different experimental
conditions, with moderate reliability (ICC = 0.55-0.73) being reported
in three conditions (50.0%) (Arduini et al., 2011; Buchheit et al., 2008)
and low (ICC = 0.12-0.23) reliability in the other three conditions
(50.0%) (Dupuy et al., 2012; Tonello et al., 2016). T30 agreement was
analyzed during five experimental conditions, and undesirable agree-
ment (CV = 50.0-90.1%) was reported for all of them (100.0%)
(Arduini et al., 2011; Dupuy et al., 2012; Tonello et al., 2016).

3.3. Reproducibility of HRR indices — slow phase

The reproducibility of HRR120s (Fig. 2) was examined by seven
studies (Arduini et al., 2011; Bosquet et al., 2008; Boullosa et al., 2014;
Fecchio et al.,, 2018; Tonello et al., 2016; Tulumen et al., 2011;
Veugelers et al., 2016). Reliability was analyzed during nine experi-
mental conditions. High reliability (ICC = 0.76-0.90) was reported
during five conditions (55.6%) (Arduini et al., 2011; Boullosa et al.,
2014; Fecchio et al., 2018; Tulumen et al., 2011; Veugelers et al.,
2016), moderate reliability (ICC = 0.60-0.68) during three conditions
(33.3%) (Arduini et al., 2011; Bosquet et al., 2008) and low reliability
(ICC = 0.39) for the last condition (11.1%) (Tonello et al., 2016).
HRR120s agreement was examined during seven experimental condi-
tions, and desirable agreement (CV = 6.0-12.4%) was reported for five
conditions (71.4%) (Boullosa et al., 2014; Fecchio et al., 2018; Tonello
et al.,, 2016; Tulumen et al., 2011; Veugelers et al., 2016), intermediate
agreement (CV = 29.7%) for one condition (14.3%) (Arduini et al.,

2011) and undesirable agreement (CV = 41.3%) for the remaining
condition (14.3%) (Arduini et al., 2011).
HRR300s reproducibility (Fig. 2) was evaluated by five studies

(Bosquet et al., 2008; Boullosa et al., 2014; Fecchio et al., 2018; Tonello
et al., 2016; Tulumen et al., 2011). Its reliability was examined during
six experimental conditions. High reliability (ICC = 0.78-0.93) was
reported for three conditions (50.0%) (Boullosa et al., 2014; Fecchio
etal., 2018; Tulumen et al., 2011), moderate (ICC = 0.57-0.71) for two
conditions (33.3%) (Bosquet et al., 2008) and low (ICC = 0.37) for the
remaining conditions (16.7%) (Tonello et al., 2016). HRR300s agree-
ment was reported as desirable (CV = 6.9-10.1%) for all four condi-
tions in which it was evaluated (100.0%) (Boullosa et al., 2014; Fecchio
et al., 2018; Tonello et al., 2016; Tulumen et al., 2011).

HRRt reproducibility (Fig. 2) was examined by seven studies (Al
Haddad et al., 2011; Bonato et al., 2018; Bosquet et al., 2008; Boullosa
et al., 2014; Buchheit et al., 2008; Dupuy et al., 2012; Tonello et al.,
2016). Reliability analysis was performed in eight experimental con-
ditions. It was reported as highly reliable (ICC = 0.84-0.96) for three
conditions (37.5%) (Bonato et al., 2018; Boullosa et al., 2014; Buchheit
et al., 2008), moderately reliable (ICC = 0.43-0.74) for four conditions
(50.0%) (Bosquet et al., 2008; Dupuy et al., 2012) and with low relia-
bility (ICC = 0.36) for the last condition (12.5%) (Tonello et al., 2016).
HRRt agreement was analyzed during seven experimental conditions
with desirable agreement (CV = 11.5-13.5%) identified for three con-
ditions (42.9%) (Bonato et al., 2018; Boullosa et al., 2014; Dupuy et al.,

2012), intermediate (CV = 24.3-29.8%) for two (28.6%) (Al Haddad
et al., 2011; Dupuy et al., 2012) and undesirable (CV = 31.3-32.1%)
for the last two conditions (28.6%) (Al Haddad et al., 2011; Tonello

et al., 2016).
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4. Discussion

The current systematic review demonstrated that HRR60s, HRR120s
and HRR300s exhibited high reliability and desirable agreement pre-
dominantly while T30 and HRRt mostly exhibited moderate to low
reliability and intermediate to undesirable agreement. Therefore, de-
fining all indices of HRR as a reproducible measure is a generalization
that clinicians and researchers should consider with caution.

Our review revealed that the commonly-used HRR indices, calcu-
lated by the absolute difference between HR at the end of exercise and
at a specific moment of recovery (i.e. HRR60s, HRR120s and HRR300s),
exhibited good reproducibility as defined by high ICC and low CV.
These results might be explained by the simplicity of the calculation for
these indices and by the inherent good reproducibility of HR measures
obtained both during exercise and recovery (Bonato et al., 2018;
Bosquet et al., 2008; Boullosa et al., 2014; Fecchio et al., 2018;
Lamberts et al., 2009; Rabbani et al., 2018; Tulumen et al., 2011). On
the other hand, HRR indices calculated based on mathematical models,
such as T30 and HRRt, demonstrated medium to poor reproducibility
(i.e. most conditions exhibited moderate to low ICC and intermediate to
high CV). This poorer outcome might be related to the adequacy of the
curve fitting process for both T30 and HRRt. Therefore, subtle varia-
tions in the response of heart rate after exercise may lead to slight errors
between real and modelled heart rates that results in significantly di-
minished reproducibility of both indices (Pecanha et al., 2016). For
instance, T30 is calculated by a semi-logarithmic analysis of the HR
decay during the initial 30s of recovery (Imai et al., 1994; Pecanha
et al., 2016). During this immediate period, heart rate responses may
include a brief plateau or slight increase that substantially alters the
model fit and calculation of T30. Similarly, HRRt is also calculated via
modeling and expressed as a single time-constant that estimates the
HRR return over the entire recovery period (Pecanha et al., 2016). This
modeling typically involves the use of a mono-exponential function,
which may not provide the best fit for HRR modeling in some cir-
cumstances (e.g. maximal exercise) (Pierpont et al., 2000). Errors as-
sociated with modeling HRR indices may lead to greater variability in
outcome measures and poorer reliability, as shown in the current re-
view. Identification of these methodological limitations is essential to
help guide implementation of HRR indices.

The current results will help clinicians and researchers with the
selection of the most appropriate HRR indices for clinical and/or re-
search use. Reliability defines the capacity of a measure to distinguish
the individuals in a given population. It evaluates the degree by which
the subjects maintain their positions (i.e. rankings) between repeated
tests (Atkinson and Nevill, 1998; de Vet et al., 2006). Thus, given that
the current review has clearly indicated that HRR60s, HRR120s and
HRR300s were the most reliable measures, these indices should be
preferentially employed to classify patients in clinical settings. In
practical terms, this would allow the clinicians and researches to
identify with greater accuracy the subjects who present greater auto-
nomic dysfunction, which would increase cardiovascular risk prediction
and improve clinical screening.

On the other hand, agreement quantifies the error of a measure-
ment, which has important implications, since a higher error of mea-
surement will impair its sensitivity to detect effects of treatments
(Atkinson and Nevill, 1998; Hopkins, 2000). In this sense, the current
results indicated that HRR60s, HRR120s and HRR300s have greater
agreement when compared to T30 and HRRt. In practical terms, clin-
icians and researches would have a greater assurance, when tracking
their patients over time, that an observed change on HRR reflects a real
effect of treatment instead a merely random variation by employing
HRR60s, HRR120s and HRR300s. Moreover, the current agreement
results also have applications for study designs, since the error of
measurement is commonly employed as a parameter for sample size
estimations. Given that, the current results indicated the HRR indices
(HRR60s, HRR120s and HRR300s) that will demand smaller sample
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sizes to detect group responses with statistical significance. These re-
sults might explain why some studies found divergent results by em-
ploying different HRR indices, such T30 and HRRt would demand
clinical trials with a higher number of subjects to detect treatment ef-
fects.

The current review has provided novel insight to the reproducibility
of HRR indices across a range of populations including the degree of
variation in reproducibility results for each index. For example, ICCs
values ranged from 0.43 to 0.99 and CVs varied between 3.4 and 34.9%
for the most widespread HRR index, HRR60s. Differences between
studies, such as population characteristics and/or the exercise, and
recovery protocols may contribute to this variation on HRR reprodu-
cibility that requires further investigation.

Regarding population characteristics, only one study, included in
this current review, investigated HRR reproducibility in females
(Tonello et al, 2016) and reported lower HRR60s reliability
(ICC=0.51) than all the studies conducted with men
(ICCs = 0.64-0.99) (Bonato et al., 2018; Boullosa et al., 2014; Buchheit
et al., 2008; Dupuy et al., 2012; Fecchio et al., 2018; Lamberts et al.,
2009; Otter et al., 2015; Rabbani et al., 2018; Veugelers et al., 2016).
This poorer reproducibility for women may reflect a true gender dif-
ference that remains to be confirmed. This gender difference may be
related to the potential effects of the menstrual cycle on cardiovascular
autonomic modulation stability (Minson et al., 2000), which was not
controlled in the mentioned study (Tonello et al., 2016). Differences in
health status have been reported to impact on cardiac autonomic ac-
tivity (Dogdu et al., 2010; Gupta et al., 2013; Kanegusuku et al., 2016;
Racine et al., 2003) and should be expected to impact HRR reprodu-
cibility. However, in the current review only one study (Fecchio et al.,
2018) examined a non-healthy population (i.e. peripheral artery disease
patients) that reported good reproducibility with results (ICC: 0.92;
CV = 13.2%) within the range observed for healthy individuals
(ICC = 0.43-0.99; CV = 3.4-34.9%). This was an interesting finding
and suggests that health status may not affect HRR reproducibility,
although other diseases might distinctly affect cardiac autonomic reg-
ulation (Haapaniemi et al., 2001) and thus HRR reproducibility, which
deserves further investigation.

Regarding the possible influence of exercise protocol, overall the
current review identified higher agreement after maximal
(CV = 23.3%) than submaximal exercise (CV < 34.9%). Similarly, the
two studies that directly compared different exercise intensities re-
ported better reliability (ICC = 0.77 vs 0.69) (Dupuy et al., 2012) and
agreement (CV = 14.7 vs 25.7%) (Al Haddad et al., 2011) after higher
exercise intensities. Greater reproducibility after higher-intensity ex-
ercise may result from the greater suppression of HR variability after
maximal than submaximal exercise (de Oliveira et al., 2013) with the
use of higher intensity exercises recommended for reliable HRR results.
Finally, most of the studies included in this review examined HRR60s
during inactive recovery and reported moderate to good reliability and
agreement (ICCs = 0.43-0.99; CVs = 3.4 to 34.9%) (Al Haddad et al.,
2011; Arduini et al., 2011; Bonato et al., 2018; Bosquet et al., 2008;
Buchheit et al., 2008; Dupuy et al., 2012; Fecchio et al., 2018; Lamberts
et al., 2009; Lamberts et al., 2011; Otter et al., 2015; Rabbani et al.,
2018; Veugelers et al., 2016). Only one study examined active recovery
(Boullosa et al., 2014) and reported similar HRR60s reproducibility
(ICC = 0.64; CV = 23.3%) to that of passive recovery studies sug-
gesting that recovery protocol may not impact reproducibility of certain
HRR indices, although more studies are needed to confirm the impact of
recovery protocol on HRR indices.

The present systematic review has several strengths. To the best of
our knowledge, it is the first attempt to synthetize literature regarding
HRR reproducibility, and its results have important clinical and re-
search applications by supporting the use of HRR60s, HRR120s and
HRR300s, and recommending some caution when using T30 and HRRt.
To achieve that, a rigorous process of literature review was employed
with the search and selection of studies performed in duplicate by two
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independent investigators without any restriction on the dates of pub-
lications. Moreover, the current review analyzed data from a large
sample of 326 subjects and the reproducibility results were consistent
within each HRR index, excepted for HRRt. Lastly, the review demon-
strated that most studies were conducted with similar populations
(healthy males) and exercise protocols (walking or running and inactive
recovery), and that HRR reproducibility remains poorly explored in
other experimental conditions (e.g., women, elderly, patients with
chronic diseases, or following water-based exercises), which gives di-
rections for future research.

While the present review evaluated HRR reproducibility with con-
sistent conclusions for the most-commonly used HRR indices, it is im-
portant to consider some limitations. First, the systematic literature
search was performed only in PubMed, and the inclusion of other da-
tabases might have increased the number of studies. However, PubMed
database is the most comprehensive and adopted database in health/
medical sciences. In addition, the execution of additional manual
searches based on papers references lists might have attenuated the
potential database bias. Second, it might exist some divergences be-
tween studies in ICC and CV formulas used, as well as, in the manner to
express HRR values (i.e. absolute HR values, relative values to peak HR
or log-transformed). Third, it is important to mention that the selection
of HRR index to be employed by clinicians/researchers should also
consider other methodological aspects beyond its reproducibility, such
as clinical validity, physiological meaning and technical availability.

5. Conclusion

The current systematic review demonstrated that amongst the most-
used fast-phase HRR indices, HRR60s had better reproducibility than
T30, while amongst the low-phases HRR indices, HRR120s and
HRR300s were more reproducible than HRRt. Based upon the current
extensive review, HRR60s, HRR120s and HRR300s exhibited good re-
producibility for assessing HRR and cardiac autonomic restoration after
exercise in research and clinical settings. Clinicians and researchers
should employ a degree of caution when using T30 and HRRt as post-
exercise indicators of cardiac autonomic restoration due to their re-
ported poorer reproducibility.
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