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Night and postexercise cardiac autonomic control in functional
overreaching
Olivier Dupuy, Louis Bherer, Michel Audiffren, and Laurent Bosquet,

Abstract: The purpose of this studywas to evaluate the effect of a 2-week overload period immediately followed by a 1-week taper
period on the autonomic control of heart rate during the night or after exercise cessation. Eleven male endurance athletes
increased their usual training volume by 100% for 2weeks (overload) and decreased it by 50% for 1 week (taper). Amaximal graded
exercise test and a constant-speed test at 85% of peak treadmill speed, both followed by a 10-min passive recovery period, were
performed at baseline and after each period. Heart rate variability was also measured during a 4-h period in the night or during
estimated slow-wave sleep. All participants were considered to be overreached based on performance and physiological and
psychological criteria. We found a decrease in cardiac parasympathetic control during slow-wave sleep (HFnu = 61.3% ± 11.7% vs
50.0% ± 10.1%, p< 0.05) but not during the 4-h period, as well as a faster heart rate recovery following themaximal graded exercise
test (! = 61.8 ± 14.5 s vs 54.7 ± 9.0 s, p < 0.05) but not after the constant-speed test, after the overload period. There was a return
to baseline for bothmeasures after the taper period. Other indices of cardiac autonomic control were not altered by the overload
period. Care should be taken in selecting the most sensitive heart rate measures in the follow-up of athletes, because cardiac
autonomic control is not affected uniformly by overload training.

Key words: overreaching, overtraining, heart rate variability, heart rate recovery, parasympathetic reactivation.

Résumé : Cette étude se propose d'évaluer l'effet de deux semaines de surcharge immédiatement suivies d'une semaine
d'affûtage sur le contrôle autonome du cœur mesuré durant la nuit ou après la fin de l'exercice. Onze athlètes d'endurance
augmentent de 100 % durant deux semaines leur volume d'entraînement habituel (surcharge) et le diminue de 50 % durant une
semaine (affûtage). Avant et après chacune des périodes, les sujets participent à un test d'effort progressif jusqu'au maximum et
à un test d'effort constant réalisé à 85 % de la vitesse maximale aérobie sur tapis roulant; les deux tests sont suivis de 10 min de
récupération passive. Onmesure aussi la variabilité de la fréquence cardiaque durant 4 h au cours de la nuit ou durant la période
estimée de sommeil lent. À la lumière de critères physiologiques, psychologiques et de performance, les sujets sont considérés
comme « surmenés ». Les résultats révèlent une diminution du contrôle parasympathique du cœur au cours du sommeil lent
(HFnu = 61,3 ± 11,7 vs 50,0 ± 10,1 %, p < 0,05) sauf durant les 4 h de la nuit, une récupération plus rapide de la fréquence cardiaque
après le test d'effort progressif (! = 61,8 ± 14,5 vs 54,7 ± 9,0 s, p < 0,05), mais pas après le test à vitesse constante suivant la période
de surcharge. Les deux mesures reprennent leur valeur de base après la période d'affûtage. Tous les autres indices du contrôle
autonome du cœur ne sont pas affectés par la période de surcharge. On devrait sélectionner judicieusement les mesures les plus
sensibles du rythme cardiaque pour le suivi de l'athlète, car le contrôle autonome du cœur n'est pas affecté uniformément par
la surcharge à l'entraînement. [Traduit par la Rédaction]

Mots-clés : surcharge, surentraînement, variabilité de la fréquence cardiaque, récupération de la fréquence cardiaque, réactiva-
tion parasympathique.

Introduction
Functional overreaching (FOR) refers to an accumulation of

training and (or) nontraining stress resulting in a transitory de-
crease in performance capacity (Meeusen et al. 2006). Athletes
may recover quickly if the training load is adjusted to their level of
fatigue and may eventually benefit from a supercompensation
effect (Bosquet et al. 2007). In contrast, if they maintain the same
high-volume or high-intensity training regimen, they may also
experience a more severe state of overreaching, called nonfunc-
tional overreaching (NFOR). In this case, the time required to fully
recover is much longer (several weeks to several months), thus
compromising their competitive season (Meeusen et al. 2006).
Considering the fine line between these 2 states, early detection is

the cornerstone of any monitoring strategy. Unfortunately, the
cause of FOR–NFOR is still poorly understood, and, to date, there
is no pathognomonic marker that has been unanimously ac-
cepted by physicians and sport scientists to diagnose the disorder.

Heart rate is probably one of the most accessible physiological
measures in sports medicine and is widely used in themonitoring
of training load and performance capacity (Achten and Jeukendrup
2003). According to the model of Rosenblueth and Simeone (1934),
heart rate and its modulation are determined primarily by the ino-
tropic and chronotropic effects of the autonomic nervous system
(ANS) on themyocardium and the sinus node. This is why heart rate
variability (HRV) and postexercise heart rate recovery (HRR) are
considered noninvasive measures of cardiac autonomic control
(Buchheit et al. 2007). HRV is thought to reflect the interaction
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between the sympathetic and parasympathetic branches of the
ANS (Task Force 1996), whereas HRR is thought to reflect the re-
activation of the parasympathetic activity at the sinus node level
and, to a lesser extent, cardiac sympathetic withdrawal (Savin
et al. 1982; Kannankeril and Goldberger 2002). The scientific and
clinical literature suggests that FOR and NFOR are concomitant
with a dysfunction of the hypothalamus that may affect both
neuronal and hormonal cardiac autonomic control (Israel 1958;
Barron et al. 1985; Lehmann et al. 1998; Armstrong and VanHeest
2002), thus making HRV and HRR relevant monitoring tools.

Narrative reviews on this topic have underscored the lack of
consistency of overload-induced alterations in HRV (Meeusen
et al. 2006; Aubert et al. 2003; Achten and Jeukendrup 2003;
Halson and Jeukendrup 2004). In their systematic review with
meta-analysis, Bosquet et al. (2008) reported amoderate alteration
in cardiac autonomic balance (i.e., the balance between parasym-
pathetic and sympathetic control of the myocardium) after a
short-term overload period (i.e.,≤2weeks), whereas they found no
modifications after overload periods longer than 2 weeks. Al-
though HRV may therefore be considered a potential marker of
short-term fatigue (possibly FOR), the moderate reliability of
this measure (Sandercock 2007) outlines the need for a highly
standardized protocol to detect such an effect. Because night-
time is generally free of events known to affect cardiac auto-
nomic control, such as noise, light, or psychological stressors,
Buchheit et al. (2004) assessed HRV by analyzing a stationary
segment taken during a slow-wave sleep (SWS) episode. This
novel sleep approach is interesting because it measures HRV in
more standard conditions, thus making the interpretation of
changes more relevant. This method has provided very inter-
esting results in the monitoring of cardiac autonomic adapta-
tion to normal training (Buchheit et al. 2004) but has never
been used in the context of FOR–NFOR.

Postexercise HRR has long been recognized as an objective sign
of fatigue by clinicians (Brown et al. 1983; Kereszty 1971). It is
therefore not surprising to find it on the list of potential markers
proposed by numerous narrative reviews (Fry et al. 1991; Hooper
and MacKinnon 1995; Lehmann et al. 1993, 1997). Despite HRR's
importance, a recent meta-analysis (Bosquet et al. 2008) and a
review (Daanen et al. 2012) have not been able to support its va-
lidity as a possible marker of FOR–NFOR because of a lack of
experimental data.

As such, the primary purpose of this study was to assess the
effect of a 2-week overload period designed to induce a state of
overreaching on cardiac autonomic control during the night or
after exercise cessation. A secondary purpose was to compare the
sensitivity of 2 differentmethods of assessing night HRV. Given the
available literature, we hypothesized that a 2-week overload pe-
riod would result in a cardiac sympathetic dominance during the
night. The lack of published data did not enable us to propose a
clearly stated hypothesis for the effect of overload on cardiac
autonomic control after the cessation of exercise.

Materials and methods
Participants

Eleven male endurance athletes competing at a provincial-
standard level participated in this study. We focused on males
because cardiac autonomic control has been shown to be affected
by menstrual cycle (Bai et al. 2009). Their mean ± SD age, stature,
and bodymass were 29.5 ± 9.3 years, 177.0 ± 6.2 cm, and 71.6 ± 7.5 kg.
All participants were nonsmokers. The protocol was reviewed and
approved by the Research Ethics Board in Health Sciences of the
University of Montreal (Canada), and the study was conducted in
accordance with recognized ethical standards and national and
international laws.

Experimental design
Following a thorough briefing, all participants signed a written

statement of informed consent. Subsequently, they completed
3 experimental sessions, including a Profile of Mood State (POMS)
questionnaire, a RESTQ-sport questionnaire, and a maximal con-
tinuous graded exercise test (session 1); a recording of R–R intervals
during 1 night (session 2); and a constant-speed test (session 3). All
sessions were separated by at least 48 h and were performed
within a 7-day period, before and after a 2-week overload period
consisting of a 100% increase in the baseline training volume (i.e.,
the training volume that was used by participants at the time of
the study) and after a 1-week taper period consisting of a 50%
decrease in the baseline training volume. To avoid any residual
fatigue induced by recent workout, participants were asked to
refrain from strenuous exercise the day before each session. Also,
participants were asked to abstain from alcohol and caffeine-
containing foods and beverages 24 h before the test, to avoid any
influence on the autonomic control of the myocardium.

Profile of Mood States
The POMS (Mac Nair et al. 1971) is a 65-item Likert-format ques-

tionnaire that provides measures of 6 specific mood states: vigor,
depression, fatigue, anger, anxiety, and confusion. These factors
can also be combined to create composite measures of mood or
fitness. The mood-state index was obtained by adding the 5 nega-
tive factors together and subtracting the positive factor of vigor.
The energy index represented the difference between the scores
of vigor and fatigue (Kentta et al. 2006).

RESTQ-sport questionnaire
The RESTQ-sport (Kellmann and Kallus 2001) is a 76-item Likert-

format questionnaire that consists of 19 scales, of which 7 scales
assess general stress, 5 scales assess general recovery, 3 scales
assess sport-specific stress, and 4 scales assess sport-specific recov-
ery. Each scale consists of 4 questions.

Maximal continuous graded exercise test
This test was performed on a motorized treadmill (Quinton,

Bothell, Wash., USA), which was calibrated at 8 and 16 km·h−1

(gradient = 0) before each session with an “in-house” system using
an optical sensor connected to an acquisition card. The initial
speed was set at 12 km·h −1 and was increased by 1 km·h −1 every
2 min until exhaustion. Less than 5 s after exercise cessation,
participants sat on a chair for a 10-min passive recovery period and
were asked to match their breathing frequency to an auditory
metronome set at 0.2 Hz (12 breaths·min−1) from the fifth to the
10th minute of the period. The grade was set at zero throughout
the test. The speed of the last completed stage was considered to
be the peak treadmill speed (PTS, in km·h−1). Perceived exertion
was assessed at the end of the test with the 10-point Borg scale
(Borg 1982). Oxygen uptake (V̇O2) was determined continuously on
a 15-s basis using an automated cardiopulmonary exercise system
(Moxus, AEI Technologies, Naperville, Ill., USA). Gas analyzers
(S3A and CD3A, AEI Technologies) were calibrated before each test
using a gas mixture of known concentration (15% O2 and 5% CO2)
and ambient air. Their accuracy was ±0.003% for oxygen and
±0.02% for carbon dioxide (data provided by the manufacturer).
The turbine was calibrated before each test using a motorized
syringe (Vacu-Med, Ventura, Calif., USA) with an accuracy of ±1%
(Huszczuk et al. 1990). The tidal volume was set at 3 L and the
stroke rate at 40 cycles per minute. The highest V̇O2 over a 15-s
period during the test was considered to be peak oxygen uptake
(V̇O2 peak, in mL·kg−1·min−1). Heart rate was measured continu-
ously, beat by beat, using a heart rate monitor with a sampling
frequency of 1000Hz (S810, Polar Electo Oy, Kempele, Finland) and
an accuracy of 0.3% during exercise (Kingsley et al. 2005). The
highest heart rate (mean of 5 s) during the test was considered to
be peak heart rate (HRpeak, in beats·min−1).
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Constant-speed exercise test
This test was performed on the samemotorized treadmill as the

maximal continuous graded exercise test. The instruction given to
the participants was to maintain the required speed (85% of PTS)
to the point of volitional exhaustion. The test was preceded by a
standardized warm-up consisting of a 10-min run at a self-
determined speed; a set of three 10-s repetitions at the speed of the
test, interspersed by 1 min of passive recovery, to accustom them-
selves to the running speed; and a period of 5 min of passive
recovery. The test began with the participant's feet astride the
moving belt and hands holding the handrail. Time was measured
to the nearest second from the moment the participant released
the handrail (usually less than 3 s) until he grasped it again to
signal exhaustion. Less than 5 s after exercise cessation, partici-
pants sat on a chair and followed the same procedure as that
presented for the maximal continuous graded exercise test. R–R
intervals were measured with the S810 (Polar Electro Oy). Perceived
exertion was assessed at the end of the test with the 10-point Borg
scale (Borg 1982). To increase the reliability of this test (Currell and
Jeukendrup 2008), no verbal encouragement was given throughout
the test, and participants were not informed about elapsed time.

Night cardiac autonomic control
R–R intervals weremeasuredwith the S810 (Polar ElectroOy). Its

accuracy at rest is 0.4% (Gamelin et al. 2006). R–R intervals were
edited and inspected visually so that ectopic beats could be re-
placed by interpolated data from adjacent normal-to-normal
(N–N) intervals. In this study, all R–R series were free of ectopic
beats. Two methods were compared to assess night HRV. During
the first, night time was considered to be the 4-h period of sleep
starting 30 min after reported bedtime (Myllymaki et al. 2011;
Hynynen et al. 2010). The complete 4-h R–R series was retained for
HRV analysis. During a secondmethod, the first 10-min stationary
segment in the first SWS episode lasting at least 15 min was re-
tained for HRV analysis (Al Haddad et al. 2009; Brandenberger
et al. 2005; Buchheit et al. 2004). The presence of an SWS episode
was estimated according to the method of Brandenberger et al.
(2005): (i) a lowest SD of N–N intervals (SDNN) when compared
with other periods of the tachogram, or (ii) a round Poincaré plot
that is characterized by almost equivalent SD of the instantaneous
beat-to-beat variability data (SD1) and SD of the continuous long-
term variability data (SD2). Mean HR, SDNN, and the root-mean-
square difference of successive N–N intervals were calculated
from the segment retained for HRV analysis. The same segment
was resampled at 2 Hz andwas detrended for subsequent analyses
in the frequency domain. As recommended by the Task Force
(1996), spectral analysis was performed with a Fast Fourier Trans-
form to quantify the power spectral density of the low-frequency
(LF; 0.04 to 0.15 Hz) and the high-frequency (HF; 0.16 to 0.40 Hz)
bands. Additional calculations included LF+HF, LF and HF ex-
pressed in normalized units (i.e., in a percentage of LF+HF), and
the LF/HF ratio. An analysis of the Poincaré plots was performed,
and the following parameters were calculated as described by the
Task Force. (1996): SD1 and SD2.

Postexercise cardiac autonomic control
R–R intervals were measured continuously during exercise and

the 10-min passive recovery period using the same heart ratemon-
itor (S810, Polar Electo Oy). R–R series were edited and inspected
visually so that ectopic beats could be replaced by interpolated
data from adjacent N–N intervals. In this study, all R–R series were
free of ectopic beats. Several indices were used to characterize
postexercise HRR during the 10-min passive recovery period:
" 60 (in beats·min−1), T30 (in seconds), and the parameters of a
monoexponential function. " 60 was the absolute difference be-
tween the heart rate immediately at the end of the exercise (mean
of 5 s) and after 60 s of passive recovery (mean of 5 s) (Cole et al.
1999). T30 was the negative reciprocal of the slope of the regres-

sion line between the natural logarithm of the heart rate and the
elapsed time from the 10th to the 40th second after exercise (Imai
et al. 1994; Buchheit et al. 2007). The overall kinetics of the heart
rate during the 10-min transition from exercise to rest was de-
scribed by the following monoexponential function:

[1] HR(t) # (a0 $ a1) × e(%t/!)

where a0 is the asymptotic value of the heart rate (in beats·min−1),
a1 is the decrement below the heart rate value at the end of the
exercise for t = ∞ (in beats·min−1), and ! is the time constant (i.e.,
the time needed to reach 63% of the gain, in seconds) (Perini et al.
1989; Dupuy et al. 2012). HRV was assessed in the time and fre-
quency domains from the fifth to the tenth minute of the passive
recovery period to warrant a stationary signal according to the
recommendations made by the Task Force (1996).

Data analysis

Criteria for overreaching
A participant was considered as overreached when he fulfilled

all the following criteria after the overload period: a decrease in
physical performance evidenced by a decrease in PTS during the
maximal continuous graded test or a decrease in time to exhaus-
tion during the constant-speed test (Urhausen and Kindermann
2002); a decrease in HRpeak during the maximal continuous
graded test (Bosquet et al. 2008); and psychological disturbances
evidenced by a change in the energy index of the POMS (Kentta
et al. 2006) and the recovery and stress scales of the RESTQ-sport
(Kellmann 2010). Changes in these criteria after the taper period
were used to assess the severity of overreaching. Short-term over-
reaching was characterized by a return to baseline after the taper
period and could be assimilated to FOR; long-term overreaching
was characterized by maintenance of observed alterations after the
taper period and could be assimilated to NFOR (Meeusen et al. 2006).

Statistical analyses
Standard statistical methods were used for the calculation of

means and SDs. Normal Gaussian distribution of the data was
verified by the Shapiro–Wilk test. A 1-waywithin-group analysis of
variance (ANOVA) was performed to test the null hypothesis that
dependent variables were not affected by the overload or the ta-
per periods. The compound symmetry, or sphericity, was checked
by the Mauchley test. When the assumption of sphericity was not
met, the significance of F ratios was adjusted according to the
Greenhouse–Geisser procedure when the epsilon correction fac-
tor was <0.75, or according to the Huynh–Feldt procedure when
the epsilon correction factor was >0.75 (Vincent 2005). Multiple
comparisons were made with the Newman–Keuls post hoc test. A
paired Student t test was performed to test the null hypothesis
that SDNN, SD1, and SD2 were similar between the 2 methods of
night cardiac autonomic control assessment. The magnitude of
differences was assessed by the Hedges' g (g), calculated as follows:

[2] g # J × d

where J is a correction factor calculated according to eq. [3] and d
is Cohen's d, calculated according to eq. [4]:

[3] J # 1 3
4df % 1

where df represents the degrees of freedom (df = n − 1 in the case
of dependent groups),

[4] d #
M1 % M2

Swithin
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where M1 and M2 are the means of the first and the second trials
and Swithin is the SD within groups, calculated as follows:

[5] Swithin #
Sdiff

!2(1 % r)

where Sdiff is the SD of differences between pairs and r is the
correlation between pairs. Hedge's g was preferred to Cohen's d
because the latter, in small samples, tends to overestimate the
absolute value of the parameter (Hedge 1981). The scale proposed
by Cohen (1988) was used for interpretation. Themagnitude of the
difference was considered either small (0.2 < g ≤ 0.5), moderate
(0.5 < g ≤ 0.8), or large (g > 0.8). Statistical significance was set at
p < 0.05 for all analyses.

Results
Physiological response

Mean responses during the maximal continuous graded exer-
cise test are presented in Table 1. PTS and V̇O2 peak were not altered
by the overload period.We found amoderate decrease inmaximal
heart rate (p = 0.003, g = −0.72), with a return to baseline after the
taper period. Perceived exertion was not affected by the period.

We found a moderate decrease in time to exhaustion after the
overload period (29.8 ± 9.3 min vs 22.1 ± 10.4 min, p = 0.02,
g = −0.71), followed by a return to baseline after the taper period
(31.0 ± 11.5 min, p = 0.006, g = 0.75). Perceived exertion was not
affected by the period (8.6 ± 0.8, 8.7 ± 0.7, and 8.5 ± 1.1 after
baseline, overload, and taper, respectively).

Psychological response
Mean results for the POMS are presented in Table 2. We found a

large and systematic increase in the fatigue subscale after the
overload period (41 ± 7 vs 51 ± 8, p = 0.0006, g = 1.33), as well as a
large and systematic decrease in the vigor subscale (61 ± 5 vs
51 ± 10, p = 0.001, g = −0.96) and the energy index (121 ± 11 vs 100 ±
17, p = 0.0003, g = −1.29). All these measures returned to baseline
after the taper period.

Mean results for the RESTQ-sport are presented in Fig. 1. We
found a small increase in the general stress subscale (1.2 ± 0.9 vs
1.7 ± 1.1, p = 0.00001, g = 0.34) after the overload period, as well as
a large increase in the sport-specific stress subscale (1.2 ± 1.3
vs 2.2 ± 1.5, p < 0.00001, g = 0.93), a large decrease in the general
recovery subscale (3.7 ± 1.1 vs 2.8 ± 1.1, p < 0.00001, g = −0.82), and
a large decrease in the sport-specific recovery subscale (4.1 ± 1.2 vs
2.8 ± 1.2, p < 0.00001, g = −1.60). With the exception of the general
stress subscale, all these measures returned to baseline after the
taper period.

Night cardiac autonomic control
Mean time and frequency domain analyses during the 4-h night

period and during the first 10-min SWS episode are presented in
Table 3. SDNN and SD2 were systematically lower when they were
measured during the SWS episode when compared with the 4-h
period (p < 0.05, 1.19 < g < 1.91). We also found a large difference
between SD1 and SD2 when they were measured during the 4-h
period (p < 0.05, g = 1.43), whereas there was no difference when
they weremeasured during the SWS episode, thus confirming the
presence of a round Poincaré plot. All together, these results fulfill
the criteria proposed by Brandenberger et al. (2005) to ascertain
that the 10-min segment was taken during a SWS episode.

HRV measures were not altered by the overload period when
they were computed from the 4-h segment. In contrast, we found
a moderate increase in LF/HF (p = 0.01, g = 0.74) and a large de-
crease in HFnu (p = 0.01, g = −0.95) after the overload period when
HRV was measured during the first 10-min SWS episode, which
were followed by a return to baseline after the taper period (Fig. 2).

Postexercise cardiac autonomic control
Mean HRR and HRV measures during the postexercise passive

recovery period are presented in Table 4 for both tests. We found
no effect of the overload and taper periods on T30, " 60, a1, and
time or frequency domain indices of HRV, whatever the test. In
contrast, we observed a small decrease in ! (61.8 ± 14.5 s vs 54.7 ±
9.8 s, p = 0.036, g = −0.48), as well as a large decrease in a0 (100.5 ±
8.8 beats·min−1 vs 93.1 ± 7.0 beats·min−1, p = 0.01, g = −0.82) after
the overload period during the recovery from themaximal graded
exercise test, which was followed by a return to baseline after the
taper period. It is worth noting that the decrease in a0 was highly
correlated to the decrease in HRpeak after the overload period
(r = 0.83, p < 0.05). We also found a large decrease in a0 during the
recovery from the constant-speed test after the overload period
(107.5 ± 4.8 beats·min−1 vs 98.7 ± 8.6 beats·min−1, p = 0.02, g = −1.11),
which was followed by a return to baseline after the taper period.
Surprisingly, we observed a moderate increase of ! after the taper

Table 1. Acute response to the maximal continuous graded exercise
test.

Measure Baseline Overload Taper

V̇O2 peak (mL·min−1·kg−1) 58.9±4.3 57.4±3.6 59.0±3.4
PTS (km·h−1) 17.2±1.3 17.0±1.3 17.3±1.3
HRpeak (beats·min−1) 186±9 179±8a 184±10
RPE 8.5±0.8 9.0±1.0 8.8±1.1

Note:Data presented as means ± SD. V̇O2 peak, peak oxygen uptake; PTS, peak
treadmill speed; HRpeak, peak heart rate; RPE, rating of perceived exertion.

aDifferent from other values (p < 0.05).

Table 2. Subscales and composite scores of the
POMS.

Baseline Overload Taper

Vigor 61±5 51±10a 61±7b
Depression 45±7 44±10 43±8
Fatigue 41±7 51±8a 39±7b
Anger 44±5 45±7 44±10
Anxiety 42±3 46±5 44±10
Confusion 45±5 47±8 44±7
Global score 110±21 124±26 107±32
Energy index 121±11 100±17a 122±14b

Note: Data presented as means ± SD. POMS, Profile of
Mood State.

aDifferent with baseline value, p < 0.05.
bDifferent with overload value, p < 0.05.

Fig. 1. Composite scores of the RESTQ-sport at baseline, after
overload, and after taper. *, Different, p < 0.05.
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period when compared with the overload period (64.3 ± 19.2 s vs
77.3 ± 21.4 s, p = 0.03, g = 0.59), whereas there was no difference
between baseline and overload (68.3 ± 20.5 s vs 64.3 ± 19.2 s, ns,
g = −0.18).

Discussion
The primary purpose of this study was to assess the effect of a

2-week overload period designed to induce a state of overreaching
on cardiac autonomic control during the night or after exercise
cessation. A secondary purpose was to compare the sensitivity of
2 different methods of assessing night HRV. Our main findings
were (i) a decrease in cardiac parasympathetic control during SWS
after the overload period, whereas it remained unchanged when
measured during the 4-h night segment; (ii) a faster HRR following
the maximal graded exercise test after the overload period,
whereas it remained unchanged following the submaximal con-

stant intensity test; and (iii) a return to baseline of all alterations
after the 1-week taper period. These findings underscore the rele-
vance of measuring HRV and HRR in the monitoring of FOR–
NFOR, but also indicate that care should be taken to select the
most sensitive measures, because cardiac autonomic control is
not affected uniformly by overload training.

Diagnosis of overreaching
A prerequisite to compare physical performances before and

after an intervention such as the overload or taper periods is to
make sure that all performances are indeed maximal. We did not
find any effect of period on the rating of perceived exertion, what-
ever the exercise test, thus suggesting that this criterion was ful-
filled in our study. The absence of alteration in V̇O2 peak and PTS
(Table 1) after the overload period is consistent with the literature,
because unchanged values are not unusual in overreached ath-

Table 3. Night heart rate variability in the time and frequency domains for the 2 conditions of
measurement.

4-h period Estimated slow-wave sleep

Baseline Overload Taper Baseline Overload Taper

Time domain
HR (beats·min−1) 53.8±5.4 55.7±7.0 53.6±6.1 53.2±6.7 55.1±8.3 52.8±8.0
RR (ms) 1138±112 1078±210 1148±127 1144±136 1111±154 1161±169
SDNN (ms) 67.7±20.4 73.1±22.4 72.9±12.8 46.3±16.4a 46.4±19.5a 43.2±13.6a
RMSSD (ms) 76.1±30.0 81.5±32.7 84.6±19.5 57.1±30.5 57.5±28.7 58.3±23.5

Frequency domain
HF (ms2) 1834±1221 3102±3916 2161±923 1176±934 1133±956 1105±696
LF (ms2) 2453±1137 3151±1787 2633±722 580±292 912±652 468±258
LF+HF (ms2) 4288±2400 6254±5526 4795±1405 1756±1175 2045±1482 1573±899

Poincaré plot
SD1 (ms) 54.4±21.3 58.2±23.3 60.4±13.8 42.6±18.6 40.9±20.4 41.4±16.7
SD2 (ms) 155.6±45.5b 169.5±42.4b 173.6±50.8b 62.8±20.0a 62.8±23.0a 55.9±14.8a

Note: Data presented as means ± SD. HR, heart rate; RR, R–R intervals; SDNN, SD of R–R intervals; RMSSD, root
mean square difference of successive normal R–R intervals; HF, high-frequency bands; LF, low-frequency bands;
SD1, SD 1 of Poincaré plot; SD2, SD 2 of Poincaré plot.

aDifferent from the corresponding data in the “4-h period” analysis (p < 0.05).
bDifferent from SD1 data in the same period (p < 0.05).

Fig. 2. Cardiac autonomic control during the night for 2 methods of heart rate variability analysis at baseline, after overload, and after taper.
SWS, slow-wave sleep; LF/HF, low frequency/high frequency ratio; *, Different, p < 0.05.
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letes (Bosquet et al. 2001; Fry et al. 1992; Urhausen et al. 1998).
Considering that aerobic endurance is more sensitive to overload-
induced fatigue than maximal aerobic power (Urhausen and
Kindermann 2002), a constant-speed test at 85% of PTS was imple-
mented to complete the assessment of physical performance. The
moderate decrease we observed after the overload period is in
accordance with previous reports (Dupuy et al. 2010;Bosquet et al.
2001; Urhausen et al. 1998) and confirms the recommendation by
Urhausen and Kindermann (2002) that time to exhaustion at a
constant-speed test is a very sensitive measure for detecting a
decrease in performance capacity. All the participants in our
study fulfilled this first criterion. Despite the absence of alteration
in V̇O2 peak, we found amoderate decrease in HRpeak (Table 1). This
observation is typical of overreaching, because the meta-analytic
study by Bosquet et al. (2008) showed a small tomoderate decrease
in HRpeak in overreached athletes, whatever the duration of the
overload period (i.e.,≤2weeks or <2weeks). All the participants in
our study fulfilled this second criterion. Regarding the psycholog-
ical sphere, we found amodified profile in the POMS (Table 2) and
the RESTQ-sport (Fig. 1) after the overload period. This psycholog-
ical impairment has been described consistently in the literature
(Morgan et al. 1987; Dupuy et al. 2010) and confirms the usefulness
of these questionnaires in the monitoring of overreaching. As
already reported by Kentta et al. (2006) and later confirmed by
Dupuy et al. (2010), a large decrease in the energy index computed
from the vigor and fatigue subscales of the POMS was found. The
decrement in the “fatigue”, “being in shape”, and “lack of energy”
subscales of the RESTQ-sport are in agreement with previous ob-
servations in overreached athletes and after an intensified period
of training (Nederhof et al. 2008; Kellmann 2010). In the end, all
the participants in our study met 3 criteria after the overload
period and were classified as overreached. The return to baseline
of these criteria after the taper period led us to consider that it was
a short-term overreaching that could be compared in terms of
severity to the previously described FOR (Meeusen et al. 2006).

Night cardiac autonomic control
Considering that nighttime is generally free of events known to

affect cardiac autonomic control, such as noise or light, we chose
to assess HRV during sleep. Two methods were compared: the
classical one, which consists of analyzing a 4-h period that begins
30 min after reported bedtime (Myllymaki et al. 2011; Hynynen
et al. 2010), and a second one that consists of analyzing a 10-min
period taken during the first SWS episode of the night lasting at
least 15 min (Brandenberger et al. 2005). This second approach is
interesting because itmeasures HRV inmore standard conditions,
thus making the interpretation of changes easier. Moreover, the
predominance of cardiac parasympathetic activity during SWS
(Buchheit et al. 2004) facilitates the detection of differences in
vagal-related indices or cardiac autonomic balance when com-
pared with complete nighttime.

We found a large decrease in cardiac parasympathetic control
(HFnu) and a moderate increase in cardiac autonomic balance
(LF/HF) during SWS after the overload period, followed by a return
to baseline after the taper period (Fig. 2). The LF/HF ratio, at best,
provides a relative balance between the innervations of the para-
sympathetic nervous system and the sympathetic nervous system
on the sinoatrial node. In this sense, our results show no evidence
to support the statement regarding a sympathetic dominance. In
the meantime, there was no alteration of the same indices when
they were computed from the 4-h segment. This difference in
sensitivity between the 2 methods underlines the fact that com-
bining all sleep periods into a single segment introduces some
noise that prevents the detection of small or moderate HRV
changes.

Results obtained during SWS are in accordance with several
experimental studies that reported an overload-induced decrease
in cardiac parasympathetic control and (or) an increase in cardiac
sympathetic control (Iellamo et al. 2002; Pichot et al. 2000, 2002;
Portier et al. 2001; Hynynen et al. 2006; Baumert et al. 2006). In
contrast, others did not observe this overload effect (Bosquet et al.

Table 4. Autonomic indices during the recovery from the maximal continuous graded exercise and
from the constant-speed test.

After maximal exercise After constant speed test

Baseline Overload Taper Baseline Overload Taper

HRR responses
T30 (s) 181.6±57.2 154.0±46.1 173.2±42.3 178.7±61.7 148.7±28.2 162.0±32.8
"60 (beats·min−1) 56.0±11.7 56.9±10.3 52.9±8.1 48.0±12.0 53.4±11.4 48.2±5.5
! (s) 61.8±14.5 54.7±9.8a 65.0±8.9b 68.3±20.5 64.3±19.2 77.3±21.4b
a0 (beats·min−1) 100.5±8.8 93.1±7.0a 95.9±10.6 107.5±4.8 98.7±8.6a 104.0±7.5
a1 (beats·min−1) 93.7±9.1 94.4±8.9 95.6±6.1 71.9±11.9 78.1±12.4 70.0±70.6

HRV in time domain
RR (ms) 601±53 650±47a 610±40 531±110 597±44a 583±40
SDNN (ms) 10.5±3.7 16.2±9.8 12.0±5.1 9.8±3.9 12.7±5.3 10.1±3.0
RMSSD (ms) 6.9±3.1 10.4±8.5 7.9±4.6 5.7±2.5 7.7±3.4 5.9±2.0

HRV in frequency domain
HF (ms2) 35.4±26.4 69.8±78.4 75.9±129.0 39.3±40.8 52.2±38 34.5±29.1
LF (ms2) 81.3±106.8 181.5±223.3 70.0±48.9 67.6±81.4 111.7±174.2 54.9±46.4
LF±HF (ms2) 116.6±110.5 251.4±289.5 145.9±162.5 106.9±119.7 163.9±201.4 89.5±64.7
HFnu (%) 43.6±13.2 38.0±15.1 40.2±17.1 39.5±19.2 39.5±17.0 37.1±18.5
LF/HF ratio 1.5±0.6 1.9±0.9 1.9±1.0 1.9±0.9 2.0±1.4 2.4±1.9

Note: Data presented as means ± SD. HRR, heart rate recovery; T30, negative reciprocal of the slope of the
regression line between the natural logarithm of heart rate and elapsed time from the 10th to the 40th second after
exercise; "60, absolute difference between heart rate immediately at the end of exercise and after 60 s of passive
recovery; !, time constant; a0, asymptotic value of heart rate; a1, decrement below the heart rate value at the end of
exercise; HRV, heart rate variability; RR, R–R intervals; SDNN, SD of R–R intervals; RMSSD, root mean square
difference of successive normal R–R intervals; HF, high-frequency bands; LF, low-frequency bands; HFnu, high
frequency expressed in normalized units.

aDifferent from baseline, p < 0.05.
bDifferent from overload, p < 0.05.
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2003; Hedelin et al. 2000; Uusitalo et al. 1998). Although several
methodological differences among studies may have contributed
to this discrepancy, such as the time at which the heart rate was
measured, themain explanation appears to be the duration of the
overload period per se. In their meta-analysis, Bosquet et al. (2008)
used an arbitrary limit of 2 weeks to distinguish between short-
and long-term interventions. Interestingly, cardiac autonomic
alterations were restricted to interventions lasting !2 weeks, be-
cause they found no modification of the cardiac autonomic bal-
ance or the total variability when the duration of the overload
period was longer (up to 9 weeks). Although the exact physiolog-
ical meaning of overload-induced cardiac autonomic changes is
difficult to establish, HRV measured during SWS appears to be a
valid sign of FOR–NFOR in endurance athletes.

Postexercise cardiac autonomic control
Postexercise HRR is thought to reflect the reactivation of para-

sympathetic activity at the sinus node level and, to a lesser extent,
cardiac sympathetic withdrawal (Savin et al. 1982; Kannankeril
and Goldberger 2002). In this respect and similar to SWS, it should
be noted that HRR after exercise is particularly sensitive to
changes in vagal-related indices such as !. We found a faster HRR
(as evidenced by a small decrease in !) after the overload period
when heart rate was measured after the maximal graded exercise
test, but not when it wasmeasured after the submaximal constant
intensity test, because ! remained unchanged (Table 4). This dif-
ference in sensitivity between the tests may be explained by sev-
eral factors. Because performance in the constant-intensity test
was considered a diagnostic measure, it was not possible to stan-
dardize the duration of this protocol. As a consequence, the dura-
tion of the constant-intensity test varied greatly between periods,
whereas it remained the same for the maximal graded exercise
test, because PTS did not change throughout the study. On the
other hand, the signal-to-noise ratio is an important determinant
of the confidence of HRR indices, and more particularly of the
parameter estimates from curve fitting (!, a0, and a1). Because the
heart rate reaches higher values during the maximal graded exer-
cise test (thus increasing the signal), and because the physiologi-
cal intensity reached at the end of this test is better controlled
(thus decreasing the noise), the signal-to-noise ratio is much
higher than that of the constant-intensity test. Finally, and to
some extent contradictory to the previous comment, we cannot
exclude the fact that parasympathetic reactivation would have
been greater if exercise intensity had been lower. In fact, data by
Buchheit et al. (2007) underscored the need to control for
chemoreflex activation when we aim at evaluating parasympa-
thetic reactivation. It is therefore possible that a constant-
duration test at a lower exercise intensity would have been more
appropriate. It was not possible to schedule such a test in our
study. However, an interesting follow-up to this work would be to
compare the sensitivity of HRR indices to overreachingwhenmea-
sured after the cessation of a constant-duration test of moderate
intensity (i.e., lower than the ventilatory threshold) and after the
cessation of a maximal graded exercise test.

A faster HRR has already been reported in the literature, either
in overreached athletes (Urhausen et al. 1998; Lamberts et al.
2010a) or after an intensified training period (Lamberts et al. 2009;
Lamberts et al. 2010b). In this study we found a correlation be-
tween the decrease in HRpeak and the decrease in ! after the over-
load period. It is therefore conceivable that these 2 responses
share some common physiological mechanisms. According to
Zavorsky (2000), the decrease in HRpeak may be explained by an
increased stroke volume consecutive to a plasma volume expan-
sion, an altered humoral or neuronal cardiac autonomic control,
and a decreased &-adrenergic receptor density and (or) sensitivity.
The report by Uusitalo et al. (1998) does not support the hypothesis
of an overload-induced plasma volume expansion, because it did
not find any significant difference in endurance-trained females

who increased their training load by 100% for 6 to 9 weeks. Al-
though the rapid decline in HR after exercise cessation is largely
mediated by cardiac parasympathetic reactivation, the influence
of the sympathetic branch of the ANS should not be disregarded.
Pierpont et al. (2000) suggested that the interaction between sym-
pathetic and parasympathetic activity at the heart level after ex-
ercise cessation was partially determined by the level of cardiac
sympathetic control during exercise. The higher this level, the
higher the importance of sympathetic withdrawal in the kinetics
of HRR. We did not measure the sympathetic drive to the heart in
this study. However, the results of Hooper et al. (1993), who re-
ported a decrease in the concentration of catecholamines after a
maximal intensity exercise that was concomitant to a decrease in
HRpeak, suggest this activity could be decreased in our partici-
pants, because we also found a decrease in HRpeak. If true, this
lowered cardiac sympathetic control could explain, at least partly,
the faster HRR that was observed in our participants. As suggested
by Halson et al. (2002), one of the most probable explanations is a
down-regulation of &-adrenergic receptors, because Fry et al.
(2006) reported a reduction in their number and sensitivity in
8 overreached strength athletes. This hypothesis of a desensitiza-
tion of &-adrenergic receptors is clearly validated by the observa-
tions made by Lehmann et al. (1998), who reported a decreased
concentration of both free fatty acids and glucose during an exer-
cise of submaximal intensity, whereas they found an increased
concentration of noradrenalin.

Limitations and practical considerations
Themain result of this study (i.e., a decrease in cardiac parasym-

pathetic control during SWS after the overload period, whereas it
remained unchanged when measured during the 4-h night seg-
ment) relies on the assumption that the first segment retained for
HRV analysis was taken during a true SWS episode. To determine
the correct identification of a sleep stage, the use of a polysomno-
graph is a unique approach. Brandenberger et al. (2005) proposed
an alternative approach using several HRV criteria that provided
fairly good results when compared with sleep stages identifica-
tion by a polysomnograph. In the current study, we followed these
recommendations rigorously and provided some statistics to en-
sure the fulfillment of all criteria.

From a practical point of view, considering HRV and (or) HRR as
valid markers of FOR is an oversimplification that may lead to an
incorrect interpretation of the data. The results of the current
study clearly show that cardiac autonomic control is altered by a
2-week overload period. However, it also underscores that there is
only a limited set of measurement conditions and HRV or HRR
measures that provide the reliability and sensitivity required to
detect such an effect. The SWS approach by Brandenberger et al.
(2005) should be preferred to the classical 4-h period to assess
night HRV, and the signal should be analyzed in the frequency
rather than the temporal domain. Additionally, postexercise HRR
should be assessed after the cessation of an exercise of maximal
intensity, and the signal should be fitted to a monoexponential
model to obtain the time constant of heart rate decay. Additional
data are required to provide a definitive conclusion on the validity
of HRR after the cessation of an exercise of submaximal intensity,
because the duration of the test was not controlled in this study. It
should be kept in mind that although these measures presented a
greater sensitivity to overload-induced cardiac autonomic
changes in our study, HRV and HRR are generally considered to be
only moderately reliable (Al Haddad et al. 2011; Dupuy et al. 2012).
Care should therefore be taken to ensure highly standardized
measurement conditions, including the control of training load
the day before the test and the control of all other stimuli known
to affect cardiac sympathetic control, such as beverages contain-
ing caffeine or alcohol, temperature, or luminosity. An important
issue that arises from our study is the usefulness of HRV and HRR
measures when a simple questionnaire like the POMS provides
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both rapid and valid measures and is more accessible. Although
they are very interesting in the monitoring of FOR–NFOR, psycho-
logical questionnaires like the POMS also have some limitations.
In fact, Goss (1994) clearly showed that the effect of an overload
period on subscores of the POMS was highly dependent on hardi-
ness in a group of competitive swimmers. This result emphasizes
the fact that there is no pathognomonic marker of FOR–NFOR,
and any alteration detected by a psychological questionnaire
should be backed up by other possible signs, including HRV and
HRR, before diagnosing the disorder. As a final word regarding the
implementation of HR measures in the follow-up of athletes, it
has to be recognized that night recordings are perceived as a con-
straint by many athletes. Therefore, HRR is probably more suited
than HRV if the measures are scheduled on a very regular basis.

Conclusion
The purpose of this study was to evaluate the effect of a 2-week

overload period immediately followed by a 1-week taper period on
the autonomic control of heart rate during the night or after
exercise cessation. A secondary purpose was to compare 2 meth-
ods of assessing night HRV. We found an alteration in cardiac
autonomic control during SWS after the overload period, whereas
there was no difference when the tachogram was analyzed after
the 4-h night period. We also found a faster HRR after the maxi-
mal graded exercise test, but not after the constant-speed test. All
the measures altered by the overload period returned to baseline
after the taper period. Altogether, these results underscore the
relevance of monitoring cardiac autonomic control in the
follow-up of athletes, but also that care should be taken in select-
ing the most sensitive measures, because cardiac autonomic con-
trol is not affected uniformly by overload training.
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