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Abstract

v

In this study, we compared the reliability of short-
term resting heart rate (HR) variability (HRV) and
postexercise parasympathetic reactivation (i.e.,
HR recovery (HRR) and HRV) indices following
either submaximal or supramaximal exercise.
On 4 different occasions, beat-to-beat HR was
recorded in 15 healthy males (21.5+1.4yr) dur-
ing 5min of seated rest, followed by submaximal
(Sub) and supramaximal (Supra) exercise bouts;
both exercise bouts were followed by 5min of
seated recovery. Reliability of all HR-derived
indices was assessed by the typical error of
measurement expressed as a coefficient of vari-

ation (CV,%). CV for HRV indices ranged from 4
to17%,7 to 27% and 41 to 82 % for time domain,
spectral and ratio indices, respectively. The CV
for HRR ranged from 15 to 32%. Spectral CVs for
HRV were lower at rest compared with Supra
(e.g., natural logarithm of the high frequency
range (LnHF); 12.6 vs. 26.2%; p=0.02). HRR reli-
ability was not different between Sub and Supra
(25 vs. 14%; p=0.10). The present study found
discrepancy in the CVs of vagal-related heart
rate indices; a finding that should be appreci-
ated when assessing changes in these variables.
Further, Supra exercise was shown to worsen the
reliability of HRV-spectral indices.

Introduction

v

Non-invasive assessment of cardiac autonomic
function via heart rate (HR) variability (HRV) and
HR recovery (HRR) is widely used to assess auto-
nomic nervous system activity [11,21,35]. Evalua-
tion of autonomic function in clinical populations
are of great interest to practitioners, as low para-
sympathetic activity or a delayed parasympathetic
reactivation following exercise has a well known
association with the risk of sudden cardiac death
[2,35]. For example, a lowered postexercise HRR
[21], indicative of a reduced parasympathetic
activity, is frequently reported in chronic heart
diseases. Similarly, a decrease in postexercise
vagal-related HRV indices, which provide insight
into the level of ‘parasympathetic reactivation’
[11,13], has been observed in patients with coro-
nary artery disease [12]. Additionally, such meas-
urements have more recently been shown to be
predictive of changes in aerobic endurance capac
ity [7,23]. Indeed, endurance training guided daily
by HRV measurements has been shown to result
in superior improvements in cardiorespiratory
function (i.e., greater peak oxygen uptake) [23].
Moreover, resting and postexercise HRV measure-

ments have been shown to be predictive of aero-
bic performance [7]. Despite the increased
popularity of these techniques, few studies have
assessed their reliability [5,10,25].

At rest or during (stationary) recovery periods,
variations in heartbeats are generally examined
via time domain (e.g., the square root of the mean
of the sum of the squares of differences between
adjacent normal R-R intervals (rMSSD)) or spec
tral analysis (e.g., high frequency range (>0.15-
0.40; HF)). Parasympathetic function may also be
assessed using postexercise HRR indices (e.g.,
number of heart beats recovered in the first minute
after exercise cessation (HRRgys)) [11]. Recently,
time-varying analysis of HRV during recovery
from exercise in humans on consecutive 30-s win-
dows (i.e., rMSSD5;) has also been used to assess
the time course of parasympathetic reactivation
[13]. While all the pre-cited indices can give
insight into cardiac autonomic function, they are
thought to provide independent information [11].
Correlations between these indices are not always
strong [11] and their association with cardiorespi-
ratory fitness and habitual physical activity varies
[8]. Finally, these indices have also shown a varia-
ble response to training [7].
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Reliability of any physiological measurement (i.e., degree of
change in a particular measure when repeated on different occa-
sions in similar conditions, as evidenced by the coefficient of
variation (CV) of a measurement) is of great importance for
practitioners and coaches to avoid bias interpretation when
assessing changes in a marker. Half of a CV, for example, is
thought to represent a minimal threshold needed to assess a
meaningful difference (between-group comparisons) or change
(training studies), or the so called “smallest worthwhile
difference/change” [18]. Many studies in healthy populations
have reported moderate reliability of HRV indices at rest
[27,29,32-34]. There is, however, less data on postexercise HRR
indices [5,10,25], and the respective influence of exercise inten-
sity on the reliability of this index is unclear. While Lamberts
et al. [25] reported a decreased CV for HRR with increasing exer-
cise intensity, Bosquet et al. [5] showed a lower CV following
low-intensity exercise. Moreover, whether exercise intensity
influences the reliability of post-exercise HRV indices is still
unknown. Finally, data on the reliability of time-varying vagal-
related indices (i.e., rIMSSDs;) are also lacking. Direct compari-
son between resting and postexercise indices in a single group of
subjects has also yet to be examined. Such a comparison is
important to establish so that assessment of the most conven-
ient and accurate recording condition for the evaluation of car-
diac autonomic function, along with the condition associated
with the highest level of reliability, can be determined.

In light of the limited reliability data available on non-invasive
cardiac function measurements, and since measurements of
cardiac autonomic function is an important aspect of patient
and athlete monitoring [7,23], we aimed to investigate the short-
term reliability of HRV and HRR indices in 2 widely used field
conditions (i.e., at rest (HRV only) and following exercise (e.g.,
submaximal and supramaximal)). We have also aimed to verify
whether or not exercise intensity could influence the level of
postexercise HRV and HRR reliability. Defining the most reliable
condition available for assessing cardiac autonomic function
will assist practitioners in determining the most useful index to
monitor changes in response to training.

Materials and Methods

v

Participants

15 healthy moderately-trained males (21.5+1.4yr; 1.80+0.06 m;
76.1+11.2kg, training 2-5h per week) volunteered for the study
after providing written informed consent. All participants were
involved in various intermittent activities (i.e., basketball, hand-
ball, soccer and tennis) and supramaximal training. Participants
were all familiar with exercise testing and supramaximal exer-
cise (i.e., Wingate). Additionally, participants were not taking
prescribed medications or any special dietary supplement and
presented no contraindications for exercise. The study was
approved by the local institution’s human research ethics com-
mittee and conformed to ethical guidelines outlined in the Dec-
laration of Helsinki and was performed in accordance with the
ethical standards of the [JSM [15].

Study Overview
v

1 week prior to reliability testing, participants performed a
maximal graded exercise test (30-15 Intermittent Fitness test,
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30-15¢7[6]) to assess a reference velocity (Vigr; speed reached at
the end of the 30-15r) for the subsequent submaximal exercise
bout. Participants then completed, on 4 different occasions, each
separated by 7 days, a sequence composed of a resting period, a
submaximal exercise bout (Sub), and supramaximal exercise
bout (Supra). Participants were asked to refrain from intense
physical activity in the 48h preceding each testing session.
Before the start of each testing session, participants were ver-
bally questioned regarding the quantity and quality of physical
activity and sleep that occurred in the preceding period prior to
the 4 trials. These variables did not differ between the 4 testing
days and were therefore not likely to affect the variability of HRV
and HRR measures. HR was continuously recorded (s810 HR
monitor, Polar Electro, Kemple, Finland) [29] during the sequence
and subsequent recovery phases. In order to minimize circadian
effects, all tests were conducted at same hour of the day
(x20min). All participants were asked to consume their last
light meal at least 3h before each test session, and to refrain
from consuming drinks containing caffeine for at least 12 h pre-
ceding the effort. Smokers were not included in the present
study. All tests were performed on an indoor synthetic track
where ambient temperature ranged from between 20-23°C.
Participants were instructed to breath regularly during all tests
(i.e., avoid deep breathing and/or any changes in both respira-
tory frequency and amplitude, which was explained and empha-
sized during the familiarization sessions). Although respiratory
rate is often controlled in HRV studies, we chose not to control
respiratory rate in our participants to increase the applicability
of present results in the field [7,23]. Nevertheless, following
exercise, respiratory rate was always in the HF range (>0.15Hz)
and did not differ between the 4 trials. Moreover, vagal-related
HRV indices during spontaneous and metronome-guided breath-
ing differ little [4] and do not influence the reliability of HRV
indices [24], although the latter point is still debated [33].

Exercise Testing

v

Maximal graded exercise test

Participants performed the 30-15¢7 [6], consisting of 30s of run-
ning interspersed with 15s of passive recovery. The test started
at 8km.h~! and velocity increased linearly by 0.5km.h~! every
stage (45s) until exhaustion. Running velocity was guided
through a pre-recorded beep. The last fully completed stage was
defined as the participants’ V.

Testing sequence

Participants were first seated and asked to remain quiet and to
avoid any body movement for 5min, which was followed by
5min of seated HR-recording. This period was immediately fol-
lowed by 5min of submaximal running at 45% of Vigr (Sub). This
intensity (i.e., 45% Vipr) corresponds to approximately 60% of
the minimal velocity that elicits VO, .y, as assessed from a con-
tinuous maximal graded exercise test [6]. Furthermore, this
intensity is widely used in studies assessing postexercise HRR
and HRV [9]. Running pace was governed by a prerecorded beep
that sounded at appropriate intervals in order to allow partici-
pants to adjust their running speed as they passed through spe-
cific zones of the field. Immediately at the end of Sub, participants
were asked to recover passively for 5min in the seated position.
Following the 5-min recovery period, participants completed
the Supra phase, which consisted of a Wingate test performed
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on a Monark cycle ergometer (Monark 884E). Seat height was
adjusted to accommodate the subject’s stature (e.g., to observe a
slight bend in the knee). Participants performed a 2-min warm-
up pedalling at a cadence of 80rpm at a constant power output
set at 50W. At the end of the warm-up, 2 brief (2-3s) sprinting
bouts were conducted. Immediately after the warm-up period,
subjects performed the 30-s all-out trial. Standard resistance
applied corresponded to 7.5% of the participant’s body mass
[22]. Participants were verbally encouraged to perform maxi-
mally throughout the 30-s test. Immediately after completing
Supra, participants dismounted the cycle ergometer and, within
less than 55, recovered passively in a seated position on a chair
adjacent to the ergometer. The seated position was chosen
because it was the most comfortable posture for the partici-
pants. Additionally, studies investigating cardiac autonomic
function in the field, have generally used this posture to assess
postexercise HRR [26] and HRV [30] indices. While we acknowl-
edge that exercise mode might influence absolute postexercise
HRR values [28], there is no evidence to suggest a different level
of reliability between running and cycling exercise. The exercise
modes used in the present study were selected based on previ-
ous studies that had employed either submaximal running [7] or
supramaximal cycling [14] exercises, respectively.

Data Measurement and Analyses

v

Heart rate

Recorded HR data were downloaded on a computer using com-
patible Polar software (Polar Precision Performance SW 5.20,
Polar Electro, Kemple, Finland). All irregular heartbeats were
automatically identified and replaced with interpolated adjacent
R-R interval values using the Polar Software. The default setting of
a minimum beat protection zone of 6 beats was used [29].

Short-term resting HRV analysis

HRV indices were calculated from the last 3min of the 5-min
resting periods (© Fig. 1) with the accompanying Polar software,
which has been shown to provide accurate measurements for
short-term HRV analysis [29]. Time domain indices included the
mean R-R interval (mRR), the natural logarithm of the standard
deviation of the R-R series (Ln SDNN; estimates overall HRV) and
the natural logarithm of the square root of the mean of the sum
of the squares of differences between adjacent normal R-R inter-
vals (Ln rMSSD; estimates parasympathetic activity). Spectral
analysis was conducted to obtain the power densities in the low
frequencies (20.04-0.15; LF), mediated via both sympathetic
and parasympathetic systems, and in the high frequencies
(>0.15-0.40; HF), mediated via the parasympathetic system
under respiratory influence. Both spectral components were log-
transformed (i.e., LnLF and LnHF). The sympathovagal balance
(LF/HF), as well as the normalized HF ratio, were also calculated
as HFnu=HF/(LF +HF). Ratio (i.e., LF/HF and HFnu) indices were
calculated from the non-transformed LF and HF data. VLF was
not analysed in this study since their interpretation during short
recordings (<5min) remains unclear [35].

Postexercise HRR assessment

As previously described [11], HRR was assessed by 1) calculating
the absolute difference between the final HR at exercise end and
the HR recorded 60 later (HRRgs) (© Fig. 1, 2) fitting the 5-min
postexercise R-R data into a first-order exponential decay curve.

Training & Testing -

A HR time constant (HRR;) was then obtained by modelling the
resultant first 5min of HR data using an iterative technique (Sig-
maplot 10; SPSS Science, Chicago, IL) by the following equation:
HR=HRy,+HRamp e(THRR0) where HR, is resting (final) HR,
HRamp is maximal HR (HRmax) - HRy, and T is time (s)
(e Fig. 1).

Time-varying vagal-related HRV index

A time-varying vagal-related index based on the Ln rMSSD was
calculated for each of the 30-s segments over the 5 min of recov-
ery (Ln rMSSDsqs) [13]. The Ln rMSSD3gs was conducted for
recoveries from Sub and Supra exercises in the 4 testing days.
Data were median-filtered in order to smooth out transient out-
liers in the HRV plots (HRV vs. time in recovery). The first and
last values were not median filtered [13].

Statistical analyses

The distribution of each variable was examined with the Sha-
piro-Wilk normality test. Homogeneity of variance was verified
by a Levene test. Data was transformed by taking the natural
logarithm to allow parametric statistical comparisons that
assume a normal distribution. To examine the reliability of the
test over the 4 consecutive trials, a one-way ANOVA with
repeated measures was first applied to determine any changes
between the 4 tests (one factor day). We used a specifically
designed spreadsheet [17], which provides reliability statistics
for consecutive pairs of trials for each individual when there are
at least 2 trials (statistics can be obtained even when subjects do
not present the same number of trials). In this spreadsheet, all
analyses are performed on log-transformed data, which sub-
stantially reduce non-uniform errors. Prior to reliability calcula-
tion, the absence of non-uniformity and outliers was confirmed
by plotting the difference score (e.g., Trial 2-Trial 1) against
Trial 1. While several reliability indices have been used in the
past, we chose to restrict our analysis to the typical error of
measurement (TE) expressed as coefficient of variation (CV, %)
for an easier comparison with the literature. TE represents the
typical amount by which a repeated measurement deviates from
the true value [16] and has received growing interest in past
years. To examine the most reliable condition (i.e., Rest vs. fol-
lowing Sub or Supra), a one-way ANOVA for repeated measures
(HRV) with Bonferroni’s post hoc analyses and a paired t-test
(HRR) were used to compare the CV of the latter HR-derived
indices as a function of recordings phases. For all analyses, the
level of significance was set at p<0.05.

Results

v

As detailed in © Table 1, 15 participants accomplished the first
and second trials, while only 14 and 11 of them took part in the
3 and 4 testing sessions, respectively. Therefore, values for HRV
and HRR indices are presented for the 11 subjects with complete
data sets only (© Table 2). Reliability data, however, have been
calculated on the overall available set of data (¢ Table 1).¢ Fig. 1
illustrates the time course of HR in a single representative sub-
ject over the 4 different trials during rest and following both Sub
and Supra exercises.
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Fig. 1 Heart rate (HR) curve in a single
representative subject over the 4 different trials
during rest (a) and following submaximal (b) and
supramaximal exercises (c). An example of HR
recovery (HRR) and HR variability (HRV) indices
determination is also presented (see “Methods”
for details). CV for HRRgps (absolute difference
between the final heart rate at exercise end and
the heart rate recorded 60s later) and HRR, (time
constant of HR decay) are presented as well as the
range of CV for time domain (TD) and frequency
domain (FD) indices.
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Maximal graded exercise test and reliability of the
submaximal and supramaximal exercises

Mean Vigr was 19.1+1.5km.h™!. Mean HR during Sub (138 £10,
139410, 138+9 and 138+ 12beats.min"!, p=0.35, correspond-
ing to 69+0.1% of the participants’ maximal HR), mean HR for
Supra (173+9, 174%6, 172+6 and 172+6beats.min"!, p=0.15,
corresponding to 88+ 1% of participants’ maximal HR) and mean
maximal power output for the Wingate test (750+120, 754+ 126,
770+123, and 753118 W, p=0.17) were similar for the 4 con-
secutive trials. TE (CV) were 4.2 beats.min™' (3.2%) and 2.7 beats.
min~! (1.5%) for mean Sub and Supra HR, respectively. A TE of

Table 1 Number of recordings used to assess the reliability of each HR-de-
rived index as a function of recording phase.

Trial 1 Trial 2 Trial 3 Trial 4

Rest[Sub| Rest/Sub/  Rest/Sub/ Rest[Sub/

Supra Supra Supra Supra
total participants n=15 n=15 n=14 n=11
HRRggs (nfa)/15/15 (n/a)/15/15 (n/a)[14/13  (n/a)/10/9
HRR; (n/a)/15/15 (n/a)/15/15 (n/a)/13/12  (n/a)/7[6
HRV indices 15/15/15  15/15/15  14/14/13 111111

Data represent the total number of participants on each testing day for resting
condition (Rest), submaximal (Sub) and supramaximal (Supra) exercises, as well

as the number of measurements analysed for each condition as a function of each
testing day. HRRgs is the absolute difference between the final heart rate at exercise
end and the heart rate recorded 605 later, HRR, is the time constant of the heart
rate decay. n/a: not applicable, since HRR indices (i. e., HRRgos and HRR;) could only
be assessed following exercise

Rest
Trial 1 Trial 2 Trial 3
mRR 807.70+£117.87 744.80+113.75  762.70+85.05
Ln SDNN 4.41+0.38 4.20+0.49 4.33+0.20
Ln rMSSD 3.97+0.55 3.60+0.61 3.73+0.28
LnHF 6.87+0.91 6.35+1.05 6.46+0.51
LnLF 7.72+0.72 7.53+0.96 7.80+0.46
HFnu 0.32+0.18 0.24+0.06 0.22+0.10
LF/HF 3.25+2.49 3.47+1.34 4.66+3.32
Sub
HRRgo5 41+13 3615 33+14
HRR; 3011 26+8 26+10
mRR 646.45+87.35 617.45+69.41 628.09+76.93
Ln SDNN 3.84+0.37 3.68+0.40 3.77+0.33
Ln rMSSD 3.16+0.59 2.81+0.72 2.96+0.63
LnHF 5.70+£0.97 5.02+1.33 5.20+1.18
LnLF 6.73+0.87 6.21+0.94 6.51+0.94
HFnu 0.27+0.08 0.26+0.18 0.22+0.10
LF/HF 3.05+1.28 4.28+2.54 4.19+2.08
Supra
HRRgos 349 32+8 35£10
HRR, 88+19 85+25 78+23
mRR 507.90+64.00 508.54+58.40 512.81+53.65
Ln SDNN 3.15+0.37 3.11+0.37 3.18+0.48
Ln rMSSD 1.91+£0.69 1.87+0.60 1.93+0.58
LnHF 1.19+1.38 2.17+1.36 2.21+£1.15
LnLF 3.90+1.18 3.94+1.03 4.08+1.10
HFnu 0.13+0.07 0.14+0.06 0.14+0.08
LF/HF 8.35+4.02 7.45+4.20 7.39+3.57

Training & Testing

26 W (3.8%) was observed for mean maximal power output dur-
ing Supra.

Short-term HRV reliability

HRV index values over the 4 consecutive trials at rest and follow-
ing the 2 exercise bouts are reported in © Table 2. Analysis of
variance (one within factor, day) did not show any significant
differences between the 4 consecutive measures at rest or fol-
lowing exercise (¢ Table 2). Reliability of HRV indices calculated
at rest and following Sub and Supra are presented in © Table 3.
The reliability of spectral HRV indices was higher (inferred from
lower CV values) at rest when compared with supra for LnHF
(12.6 vs. 26.2%; p=0.02) and LnLF (7.6 vs. 15.2%; p=0.03). Con-
versely, a higher CV was observed at rest when compared with
supra for mRR (11.1 vs. 4.5%; p=0.012). No other between-con-
dition differences were observed for the remaining indices.

Reliability of post exercise HRR indices

HRR index values over the 4 consecutive trials in both exercise
intensities are reported in © Table 2. There was no significant
day effect for any of the measures (¢ Table 2). Reliability of HRR
indices following both exercise intensities are presented
in © Table 3. There was no difference in CV following both exer-
cise intensities (i.e., Sub vs. Supra; p=0.10 for HRRgps and p=0.42
for HRR,).

Time-varying vagal-related HRV index
There was no day effect for any of the Ln rMSSD3q 30-s seg-
ments (e.g., at time=30s or 270s, p=0.28 or 0.20 for Sub and

Table 2 Heart rate variability
(HRV) and heart rate recovery

Trial 4 ‘Repetition’ effect (p) o
(HRR) indices at rest (Rest) and
813.40+114.11 0.052 following submaximal (Sub) and
4.32+0.36 0.47 supramaximal (Supra) exercises
3.840.50 0.15 during the 4 consecutive trials.
6.70+£0.89 0.35
7.42+0.45 0.38
0.33+0.12 0.10
2.36+1.37 0.13
37+9 0.15
28+11 0.64
651.00+£84.81 0.27
3.85+0.42 0.41
3.11+0.59 0.10
5.36+1.13 0.11
6.59+0.80 0.12
0.25+0.14 0.66
4.60+3.81 0.31
34+9 0.57
6717 0.23
510.63+49.17 0.97
3.09+0.61 0.92
1.85+0.40 0.90
2.13+0.75 0.57
4.15+0.71 0.68
0.12+0.02 0.72
7.71+£2.32 0.89

Mean = SD absolute difference between the final heart rate at exercise end and the heart rate recorded 605 later (HRRgys), time con-
stant of heart rate decay (HRR;), mean RR interval (mRR), the natural logarithm of: the standard deviation of R-R intervals (Ln SDNN),
the root square of the mean squared differences of successive R-R intervals (Ln rMSSD), high (LnHF) and low (LnLF) frequency power,
the normalized unit in high frequency range (HFnu), and the sympathovagal balance index (LF/HF). n=11 (except when n is lower

please refer to © Table 1)
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Table 3 Measures of reliability for heart rate variability (HRV) and heart rate recovery (HRR) indices at rest (Rest) and following submaximal (Sub) and su-
pramaximal (Supra) exercises.

Rest
HRRg( TE (beats.min™")
cv
HRR, TE (s)
cv
mRR TE (ms) 79.72 (68.99-99.17)
v 11.1(9.3-14.0)
Ln SDNN TE (ms) 0.27 (0.22-0.33)
v 6.9 (5.7-8.6)
Ln rMSSD TE (ms) 0.40 (0.33-0.49)
v 12.3(10.3-15.5)
LnHF TE (ms2) 0.73 (0.62-0.91)
cv 12.6 (10.5-15.9)
LnLF TE (ms?) 0.51 (0.43-0.64)
v 7.6 (6.3-9.5)
HFnu TE 0.11(0.09-0.13)
v 52.0 (42.2-68.4)
LF/HF TE 2.19(1.84-2.72)
v 81.6 (65.0-110.0)

Sub Supra ‘Condition’ effect (p)
8 (7-10) 5 (4-6)
25.7 (21.1-33.0) 14.7 (12.1-19.0) 0.10
7 (6-9) 20 (17-26)
32.1(26.0-46.3) 24.3(20.0-32.7) 0.42
48.92 (41.19-60.65) 23.30(19.61-8.8)
8.0 (6.7-10.0) 4.5 (3.8-5.7)* 0.01
0.29 (0.24-0.36) 0.33 (0.28-0.41)
8.4(7.1-10.6) 11.7 (9.8-14.7) 0.23
0.39 (0.33-0.48) 0.27 (0.23-0.34)
15.9 (13.2-20.1) 17.0 (14.1-21.5) 0.61
0.68 (0.58-0.85) 0.45 (0.38-0.57)
15.2 (12.7-19.2) 26.2 (21.5-33.7)* 0.02
0.64 (0.53-0.79) 0.51 (0.43-0.63)
10.9 (9.1-13.7) 15.2 (12.6-19.2)* 0.04
0.09 (0.07-0.11) 0.06 (0.05-0.07)
41.6 (34.0-53.9) 44.0 (35.9-57.2) 0.52
1.99 (1.67-2.47) 3.1(2.6-3.9)
65.4 (52.8-86.7) 55.2 (44.7-72.4) 0.08

Typical error of measurement (TE (90 % confidence limits; 90 % CL)), TE expressed as a coefficient of variation (CV, % (90 % CL)) calculated for the absolute difference between the
final heart rate at exercise end and the heart rate recorded 60 later (HRRgqs; beats.min™") and the time constant of heart rate decay (HRR; s), mean R-R intervals (mRR; ms),

natural logarithm of standard deviation of R-R intervals (Ln SDNN; ms) and natural logarithm of the square root of the mean of the sum of the squares of differences between

adjacent normal RR intervals (Ln rMSSD; ms), natural logarithm high frequency power (LnHF; ms?), natural logarithm low frequency power (LnLF ms?), normalized unit in high
frequency range (HFnu), and the sympathovagal balance index (LF/HF). *: significant difference vs. Rest. (n=refer to © Table 1)

0.8 -
= 0.61
E
[SN]
[
5 0.4 -
a
a
2 ! }
: ]
— 0.2 1 }
® Sub
o Supra
0.0

30s 60s 90s 120s150s180s210s240s270s300s
Time (s)

Fig.2 Typical error of measurement (TE, with 90% Cl) for the time-vary-
ing vagal-related index (natural logarithm of the square root of the mean
of the sum of the squares of differences between adjacent normal RR
intervals (Ln rMSSD), calculated for each of the 30-s segments of recovery
and over the 5-min of seated recovery) calculated for the submaximal
(Sub; closed circles) and Supramaximal (Supra, open circles) exercises.
(n=refer to © Table 1).

p=0.40 or 0.57 for Supra). The reliability of Ln rMSSDs; is pre-
sented in © Fig. 2 and ¢ Table 4. No significant difference was
found between the 2 conditions (p=0.60).

Discussion

v

To the best of our knowledge, this is the first study to compare
the reliability of parasympatheticmediated HR-derived indices,
such as resting HRV and postexercise HRR and HRV indices, after
exercise bouts of varying intensity. These reliability results offer

Al Haddad H et al. Reliability of Resting and Postexercise Heart... Int] Sports Med

Table 4 Measures of reliability for the time-varying recovery index
(Ln rMSSDs;) following submaximal (Sub) and supramaximal (Supra) exercises.

Sub Supra

20.03 (16.49-25.69 22.73 (18.47-29.80
29.08 (23.85-37.51 20.57 (16.75-26.90
Ln rMSSD90s 24.04 (19.79-30.85 15.89(12.98-20.66
Ln rMSSD120s 22.11(18.23-28.32 15.91 (13.00-20.68
Ln rMSSD150s 22.00(18.13-28.16 17.19 (14.03-22.38

( (

( (

( (

( (

Ln rMSSD30s ) )
) )
) )
) )
) )
Ln rMSSD180s 20.61 (17.00-26.34) 13.47 (11.03-17.46)
) )
) )
) )
) )

Ln rMSSD60s

Ln rMSSD210s 18.59 (15.36-23.70 17.24 (14.07-22.45

Ln rMSSD240s 17.50 (14.47-22.29 20.06 (16.34-26.22

Ln rMSSD270s 16.43 (13.60-20.90 24.56 (19.94-32.28

Ln rMSSD300s 16.81(13.91-21.40 27.62(21.70-38.49
Coefficient of variation (CV (90 % confidence limits; 90% CL)) calculated for the time-
varying vagal-related index (natural logarithm of the square root of the mean of the
sum of the squares of differences between adjacent normal R-R intervals

(Ln rMSSD)), was calculated for each of the 30-s segments of recovery and over the
5min of seated recovery), (n=refer to © Table 1)

researchers and practitioners a starting point by which they may
assess the smallest worthwhile change or difference in HRV and
HRR variables [18]. Moreover, we have shown the independent
effects of the recording conditions (i.e., seated at rest or follow-
ing submaximal or supramaximal exercises) on the reliability of
most of these indices.

Previously published reliability studies [5,25,29] have described
the reliability of these measurements using, among other mea-
sures, the intraclass correlation coefficient (ICC). However, the
ICC does not provide an index of the expected trial-to-trial noise
in the data, but rather reflects the ability of a test to differentiate
between individuals [36]. Hopkins [16] therefore argues that the
typical error of measurement is the most appropriate measure
of reliability. Typical error of measurement represents the noise
occurring from trial-to-trial, which might confound the assess-
ment of real changes in repeated measures [16], such as those
that may occur after an endurance training intervention (e.g.,
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[7]). To allow for appropriate comparisons to be made with the
present study’s findings, the typical error of measurement
(expressed as a CV) was thus estimated from published litera-
ture where possible. Classification of reliability indices as low,
moderate or high for HRV measures is currently lacking, and
those currently offered in the literature do not have strong evi-
dence [33]. Therefore, caution must be taken when using such
arbitrary thresholds for reliability levels [1]. Indeed, the most
reliable tests are not necessarily the most effective and practical
for monitoring physiological adaptations in athletes [20]. There-
fore, to assess the usefulness of a measurement, it is appropriate
to compare the CV with the smallest worthwhile difference
(when comparing different populations) or change (training
studies) for the considered measure [19]. As long as the CV is
smaller than the smallest worthwhile difference or change, the
measure is likely capable of assessing between-group differences
and training-induced changes, and is therefore deemed to be of
interest. For example, postexercise vagal-related indices (e.g., Ln
rMSSD) as assessed from the last 3 min of the 5-min recovery fol-
lowing a submaximal exercise, has been shown to be increased by
17% after an endurance training program [7], which is substan-
tially higher than half of the presently observed inter-day error of
measurement (i.e., Sub Ln rMSSD’s half CV=7.9%; ¢ Table 3).

Reliability of short-term HRV indices

The present CV values (4-17%, 7-27% and 41-82%, for time
domain, spectral and ratio indices, respectively) are in agree-
ment with previous studies investigating resting and postexer-
cise HRV indices [10,29,32,34]. At rest, CV calculations derived
from short-term recordings in the supine position with free
breathing have been reported to range from 3 to 37% for time
domain indices (i.e., Ln SDNN and Ln rMSSD, [29,32,34]). Higher
CV values have been reported for spectral indices (i.e., LnLF and
LnHF, CV ranging from 11 to 46 %), and even higher for ratio indi-
ces (i.e., CV for HFnu and LF/HF ranged from 27 to 79%, [29,32]).
The negative impact of spontaneous breathing on the (high) CV
observed in the present study cannot be discarded, since paced
breathing is generally thought to improve the reliability of HRV
indices [33]. However, a recent study has also shown that the
reliability of (log-transformed) spectral indices was not affected
by breathing modalities (i.e., free or controlled) [24].

Only one study has previously assessed the reliability of HRV
indices following submaximal exercise, and reported CV values
of 29% and 64% for SDNN and rMSSD, respectively [10]. The
lower values shown in the present study (8.4% Ln SDNN and
15.9% Ln rMSSD) could be related to the log-transformation of
the data, as well as the higher number of repeated trials (4 vs. 2).
Conversely, the CV for spectral and ratio indices were higher in
our study compared with Buchheit et al. [10] (15 and 44% vs. 7
and 27%). While reasons for these differences remain unclear,
between-trial differences in factors, such as mood, alertness, and
mental activity, which are difficult to control, could account for the
different reliability levels reported [33]. The discrepancies in these
results could also be related to differences in age between the study
populations (i.e., adolescents vs. adults) [27].

Former and present study data combined suggest that time
domain indices are likely more reliable than spectral and ratio
indices when inferred from short-term recordings, as well as at
rest as following exercise. The impact of recording conditions
was likely index-dependent. Spectral indices at rest were associ-
ated with higher reliability compared with postexercise ones,
while there was no clear between-condition difference for time
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domain indices. The influence of respiration, which is likely to
affect the (peak) frequency of the power density of R-R oscilla-
tions [3], might partly explain the differences in reliability
observed (time domain indices being less likely affected by dif-
ferences in respiratory rate) [31].

Reliability of postexercise heart rate recovery indices
The reliability of postexercise HRR indices (i.e., CV: 15-32%) was
in agreement with previous results [5,10]. Studies assessing
postexercise HRR index reliability following submaximal exer-
cise reported CV values ranging from 8 to 18% for HRRggs
[5,10,25] and from 14 to 21% for HRR, [5, 10]. Following a maxi-
mal graded exercise test, Bosquet et al. [5] reported a CV of 27 %
for HRRgos and 21 % for HRR,. The lowest CV (8 %) for HRRggs Was
noted in Lamberts et al. [25] study while assessing the day-to-
day variation in HRRgy over 5 consecutive days following sub-
maximal exercise. Consequently, we suggest that the day-to-day
variation in HRR over consecutive days may present lower CV
values than in the case of a test re-test conducted over longer
periods (i.e., 72h [5] or 1 week interval [10]). Regarding the
influence of exercise intensity on the reliability of HRR indices,
we observed a tendency towards a decrease in CV with increases
in exercise intensity (e.g., 26 vs. 15% for HRRggs, p=0.10), which
was in accordance with Lamberts et al. [25]. This contrasts how-
ever with the findings reported by Bosquet et al. [5], which indi-
cated a lower CV for HRRgy after submaximal compared with a
maximal graded exercise (17 vs. 27%). These inconsistencies
might be related to the nature of the exercise. In our study for
example, the Wingate test probably elicited a greater anaerobic
participation than a graded maximal exercise eliciting the maxi-
mal oxygen uptake [5], which may have led to a greater metabo-
liteaccumulation. This is likely associated with greater autonomic
perturbation [14], and in turn, with a slower HRR, which tends
to be relatively less variable than a faster HRR. Future studies
using larger sample sizes are needed to assess the influence of
age, training status and disease state on the reliability of resting
heart rate variability and postexercise parasympathetic reacti-
vation indices.

Limitations

It is first worth mentioning that reliability of the vagal-related
indices from the present study was only assessed in moderately-
trained healthy young males. Therefore care should be taken
when interpreting and applying our results in other populations
(e.g., elderly, disease or highly-trained athletes). Moreover, since
breathing patterns could influence the (peak) frequency of the
power density of R-R oscillations [3]), it is unknown how venti-
lation patterns actually influenced the reliability of postexercise
HRV indices. The reduced sample size in this study (n=15), as
well as the lack of randomization between exercises, should also
be acknowledged as a potential limiter.

Practical application

HRV and HRR indices are widely used to assess the adaptation of
cardiac autonomic function to short- and long-term exercise [7].
Since a greater parasympathetic activity is usually associated
with a better recovery state [23] and readiness to perform [7,23],
the monitoring of cardiac autonomic activity represents a prom-
ising tool to individualize training contents [23] and potentially
prevent injuries and/or overload. Tracking changes in vagal-
related indices in general or clinical populations is also likely of
great interest given the association between lowered parasym-
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pathetic activity and cardiac disease and risk of sudden cardiac
death [35]. We propose that calculating the typical error of
measurement and assessing the smallest worthwhile change is
necessary in order to evaluate real or meaningful changes after
an acute bout of exercise or an exercise intervention. Hopkins
et al. [18] suggest a cut-off point of half of the coefficient of vari-
ation as being important for detecting the smallest worthwhile
change in athletes, irrespective of the level of group homogene-
ity [18]. While present data suggests that exercise intensity (i.e.,
submaximal and supramaximal) does not influence the reliabil-
ity of HRR indices, the use of submaximal exercise might be pre-
ferred [11], since 1) it is associated with greater signal stability
during exercise and recovery (¢ Table 1) and 2) represents a
non-exhaustive exercise that can be easily and frequently imple-
mented into the training schedules of both athlete and patient
populations alike.

Conclusion

Short-term reliability of resting heart rate variability and post-
exercise parasympathetic reactivation indices (i.e., heart rate
recovery and heart rate variability) following either submaximal
or supramaximal exercise showed large discrepancies in mark-
ers of reliability, a factor which should be taken into account
when attempting to assess meaningful changes or differences in
these indices. Finally, when assessing postexercise heart rate
measures, the use of submaximal exercise is encouraged as it is
associated with greater signal stability and is easily implemented
in an athlete’s training schedule.
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