CIRCADIAN VARIATION OF HEART RATE VARIABILITY ACROSS SLEEP STAGES

http:/dx.doi.org/10.5665/sleep.3230
Circadian Variation of Heart Rate Variability Across Sleep Stages

Philippe Boudreau, BEng'?; Wei-Hsien Yeh, BSc'? Guy A. Dumont, PhD?, Diane B. Boivin, MD, PhD'?

!Centre for Study and Treatment of Circadian Rhythms, Douglas Mental Health University Institute, Department of Psychiatry, McGill University,
Montreal, Quebec, Canada; *Integrated Program in Neuroscience, McGill University, Montreal, Quebec, Canada; *Department of Electrical and
Computer Engineering, University of British Colombia, Vancouver, British Colombia, Canada

Study Objectives: Nocturnal cardiovascular events are more frequent at the beginning and end of the night. It was proposed that this pattern
reflects the nocturnal distribution of sleep and sleep stages. Using heart rate variability (HRV), we recently showed an interaction between the
circadian system and vigilance states on the regulation of cardiac rhythmicity. Here, we further investigate this interaction in order to clarify the
specific effects of sleep stages on the regulation of the heart.

Design: Participants underwent a 72-h ultradian sleep-wake cycle procedure in time isolation consisting of alternating 60-min wake episodes in dim
light and 60-min nap opportunities in total darkness.

Setting: Time isolation suite.

Patients or participants: Fifteen healthy young participants; two were subsequently excluded.

Interventions: N/A.

Measurements and Results: The current study revealed that sleep onset and progression to deeper sleep stages was associated with a shift
toward greater parasympathetic modulation, whereas rapid eye movement (REM) sleep was associated with a shift toward greater sympathetic
modulation. We found a circadian rhythm of heart rate (HR) and high-frequency power during wakefulness and all non-REM sleep stages. A
significant circadian rhythm of HR and sympathovagal balance of the heart was also observed during REM sleep. During slow wave sleep, maximal
parasympathetic modulation was observed at ~02:00, whereas during REM sleep, maximal sympathetic modulation occurred in the early morning.
Conclusion: The circadian and sleep stage-specific effects on heart rate variability are clinically relevant and contribute to the understanding of the

degree of cardiovascular vulnerability during sleep.
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INTRODUCTION

Adverse cardiovascular events exhibit a clear circadian
pattern, with maximal occurrence during morning hours.!
Indeed, there is a ~40% higher incidence in acute myocar-
dial infarction, sudden cardiac death, atrioventricular block,
ventricular fibrillation, ventricular tachycardia, and ischemic
events between 06:00-12:00 relative to the rest of the day.? We
and others have recently provided evidence that an interaction
between circadian and sleep-wake dependent processes regu-
lates heart rate variability (HRV), an accepted method to quan-
tify autonomic nervous system (ANS) cardiac modulation.
These observations could contribute to peak cardiovascular
vulnerability observed in the morning.** Although nighttime
is assumed to be cardioprotective, a meta-analysis revealed a
bimodal distribution of myocardial infarctions, sudden cardiac
death, and implanted cardioverter-defibrillator at night with
peak cardiovascular risk at the beginning and end of the night.’

Sleep stages alternate throughout a normal sleep period and
correlate with changes in HRV. During nonrapid eye move-
ment (NREM) sleep, the cardiovascular system is stable and
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parasympathetic cardiac modulation is stronger.®!" During
rapid eye movement (REM) sleep, the cardiovascular system
is unstable and greatly influenced by surges in sympathetic
activity.”!" The increased circadian propensity to REM sleep
in the early morning could, in part, explain the coincidental
increased cardiac risk. Indeed, REM sleep could precipi-
tate numerous adverse cardiac events such as arrhythmia,'?
acute myocardial infarction,” and sudden cardiac death,?
whereas NREM sleep could increase the risk of ischemic
events in susceptible patients.” Sleep disruption associated
with a variety of sleep disorders such as sleep disordered
breathing,'* periodic limb movements (PLMs)," insomnia,'
and other medical conditions including nocturia'” and depres-
sion' has also been associated with cardiovascular diseases.
Prior studies have shown that misalignment between the sleep
schedule and the endogenous circadian clock as observed
in night shift workers may lead to elevated risk of adverse
cardiovascular events."

Based on this evidence, we believe it is important to inves-
tigate the interaction between sleep stages and circadian phase
on HRV. Our aim is to determine how different sleep stages
occurring at conventional or unusual circadian phases can
affect HRV and increase cardiovascular risk in patients with
cardiovascular diseases, sleep disruption, or in populations with
shifted sleep schedules. Here, we used a 72-h ultradian sleep-
wake cycle (USW) procedure in constant posture, consisting of
60-min wake episodes in dim light (< 10 lux) alternating with
60-min nap episodes in total darkness. To our knowledge, we
are the first to report sleep stage specific effects and HRV across
a complete circadian cycle in humans.
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METHODS

Participants

Fifteen healthy participants (12 men, 3 women; mean
age + standard deviation [SD]: 24.6 = 4.5 y) with normal body
mass index (body mass index [BMI], mean + SD: 22.5 +2.1 kg/
m?) provided informed consent prior to their participation in
this study. Demographic data and screening procedures were
reported in a prior publication.? Prior to laboratory entry, partic-
ipants maintained a regular 8-h sleep period for > 2 w based on
their habitual sleep-wake schedule. Compliance was verified by
daily phone calls to the laboratory at bedtimes and wake times,
sleep-wake log, and actigraphic recordings during the week
preceding laboratory admission (AW-64, Mini Mitter-Respiro-
tronics, Bend, OR, USA).

Procedures

Participants were studied individually in a time isolation suite
in the laboratory for 5 consecutive days. On the first night, a base-
line 8-h sleep episode was planned according to the participant’s
habitual sleep schedule. Upon awakening, participants began
a 72-h USW procedure consisting of 60-min wake episodes in
dim light (< 10 lux) alternating with 60-min nap episode in total
darkness (< 0.3 lux), and therefore was composed of 36 wake
and 36 nap episodes in constant conditions.® All experimental
procedures were approved by the Douglas Mental Health
University Institute Research Ethics Board and are within the
ethical standards of the Declaration of Helsinki.

Measures and Data Processing

Core body temperature (CBT) was monitored (every 15 sec)
using a thermistor (Steri-Probe, Cincinnati Sub-Zero Products
Inc., Cincinnati, OH, USA) inserted 10 cm into the rectum
and connected to an in-house data acquisition system. A dual-
harmonic regression model without serial correlated noise® was
used to assess the minimum of individual CBT curves with a
circadian period between the imposed limit of 23.91-24.41 h.

Electrocardiogram (EKG) was continuously recorded using a
vest with built-in electrodes (LifeShirt, Vivometrics, Ventura, CA,
USA; n=09, 200 Hz) or using the EKG channel of our polysom-
nographic (PSG) recording system (EKG channel; 512 Hz; n = 6;
high- and low-pass filtered: 1 Hz and 35 Hz, respectively). No
significant group difference in HRV levels were found between
these two recording methods so results were combined. In the six
participants recorded with our PSG system, an automatic blood
pressure measurement cuff was inflated once per nap episode.
When a blood pressure measurement was associated with PSG-
confirmed arousal (i.e., at least one 30-sec epoch scored as wake
following blood pressure measurement), the corresponding EKG
segment was removed from the analysis. This occurred 15 times
in total and lasted < 2.5 min in all cases. R-peaks were extracted
from the EKG signal using a validated automatic detection soft-
ware (VivoLogic, Vivometrics, Ventura, CA, USA).* R-R inter-
vals (RRI) were visually inspected for ectopic beats and artifacts,
and were manually corrected by linear interpolation. Spectral
power of RRI was calculated by discrete wavelet transform
(DWT) using an ad hoc Matlab program (Matlab 7.4, The Math-
Works, Natick, MA, USA) and the Wavelab toolbox.>*' HRV was
described as the spectral power in two standard frequency bands
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(i.e., high-frequency (HF) power: 0.15-0.30 Hz; low-frequency
(LF) power: 0.0375-0.15 Hz).” Prior to statistical analysis, HRV
data were collapsed into 30-sec bins and normalized as percent
deviation from individual’s mean (i.e., mean calculated for the
entire USW procedure).

PSG sleep recordings were performed across the USW
procedure on a computerized system (Harmonie, Natus
Medical Inc., Montreal, Qc, Canada). PSG recordings of all
sleep periods and naps included a central and occipital elec-
troencephalogram (EEG), electrooculogram (EOG), and
submental electromyogram (EMG). All of these channels were
sampled at 250 Hz (n = 9) or 512 Hz (n = 6). High- and low-
pass filters were applied on EEG (0.3 Hz and 35 Hz), EMG
(5§ Hz and 35 Hz), and EOG (0.1 Hz and 15 Hz). PSG sleep
recordings were visually scored according to standard criteria
using 30-sec epochs.”® The following parameters were calcu-
lated for each nap. Sleep onset latency (SOL) was defined as
the time interval between lights out and the first occurrence of
at least two consecutive epochs of stage 1 (S1) sleep or any
occurrence of deeper sleep stages. SOL was given a value of
60 min if no sleep occurred during a nap episode. REM sleep
onset latency was the time interval between sleep onset and the
first occurrence of an epoch of REM sleep. REM sleep onset
latency was given a value of 60 min if no REM sleep occurred
during a nap episode. NREM sleep was the amount of time
spent in stage 1-4 (S1-S4) sleep, and slow wave sleep (SWS)
was the amount of time spent in S3 and S4 sleep. Total sleep
time (TST) was defined as the time spent in S1 to S4 plus REM
sleep. Sleep efficiency (SE) was the percentage of the 60-min
nap spent asleep (i.e., TST (min) / 60 (min) x 100%). SO was
classified as wake before or after sleep onset (WBSO and
WASO, respectively). PLMs and sleep apnea/hypopnea were
ruled out during the first nocturnal sleep period. For PLMs,
EMG of the left and right anterior tibialis was recorded. Leg
movements occurring at intervals of 4.0-90.0 sec and clustered
in groups of four or greater were considered PLMs, in accor-
dance with Coleman’s criteria.?* Respiratory parameters were
monitored with bucconasal thermistance and airflow pressure
transducer. AASM-recommended criteria® for defining apnea
(= 90% reduction in airflow for > 10 sec) and hypopnea (= 30%
reduction in airflow for > 10 sec) were used. Two participants
were excluded (one with PLMs index = 13.9/h and one with
apnea-hypopnea index = 5.85/h), leaving 13 participants with
an apnea-hypopnea and PLMs index < 5/h.

Data and Statistical Analyses

Circadian Variation of Sleep Parameters

Each 30-sec sleep epoch during the USW procedure was
assigned a circadian phase between 0° to 359.9° relative to the
individual CBT minimum (set at 0°). Data were then collapsed
into 30° circadian bins and folded every 360° (24 h) to obtain
averaged individual’s curves illustrating a complete circadian
cycle of each sleep parameter for each subject. Similarly, SOL
and REM SOL of each nap were attributed a circadian phase
based on the time of lights out. The circadian variation of sleep
parameters was statistically confirmed with a nonlinear mixed
model using the nlmixed SAS procedure (SAS Institute Inc,
Cary, NC, USA) as described in Eq.1 without the stage effect.
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HRV Regulation by Vigilance States

HRYV data collected during the USW procedure were binned
according to their corresponding sleep stages. A one-way
repeated-measures analysis of variance was used to compare
HRV among wake episodes and different vigilance states
observed during naps (i.e., WBSO, WASO, S1, S2, SWS, and
REM sleep). Significant main effects were further investigated
using Tukey HSD pairwise comparisons. Linear mixed-model
analysis (mixed procedure, SAS Institute Inc, Cary, NC, USA)
was used to investigate the effect of SE and SWS on HRV
parameters measured during each nap.

Circadian Variation of HRV During Each Vigilance State

HRV measurements were assigned a vigilance state (i.e., SO,
S1, S2, SWS, REM sleep) and a circadian phase between 0° to
359.9° relative to the individual’s CBT minimum (set at 0°).
For each vigilance state, data were collapsed into 5° circadian
bins. This bin size was chosen to conserve temporal localiza-
tion of each sleep stage. A nonlinear mixed model was applied
to HRV values using the n/mixed SAS procedure (SAS Institute
Inc, Cary, NC, USA) in order to compare circadian phase and
amplitude of each HRV parameter between sleep stages. The
model is described as follows:

Yixe = by + By + by Stage; + b, Days
(Eq. 1)

e T A24j COS(Tfjk - (/)24/) + &

where y;, denotes the k™ value for a given HRV parameter in
the j™ sleep stages for the i" participant at circadian degree Ty,
The Y-intercept is described by b, and B, (fixed and random
effects, respectively). The vigilance state effect is described by
b, (fixed effects). The time since the start of the experiment effect
is described by b, (fixed effect, % change/d). The amplitude of
the 24-h rhythm in each state is described by A,,;. Corresponding
phase of peak activity (or acrophase) of this rhythm is described
by @,,;. The residual error is assumed to be normally distributed
&y ~N(0,0°) and independent. There was no significant improve-
ment in adding another harmonic to our model when using Akaike
Information Criterion (AIC), so we used a single harmonic.
Student ¢ test statistic was used to test whether fixed effect values
were different from zero. Rhythms were considered significant if
their amplitude was significantly different from zero. Differences
in amplitude and phase of the 24-h component between vigilance
states were tested using the F statistic. Each parameter was tested
for significance at the level of P < 0.05 and values are expressed
as mean =+ standard error of the mean (SEM).

RESULTS

The beginning of the USW procedure was scheduled based
on each participant’s habitual wake time (average = SEM;
08:15 + 00:12), and only data collected during the USW proce-
dure was used for analysis. CBT minimum occurred on average
(= SEM) at 05:23 = 00:17. Sleep and HRV measurements were
given a circadian phase between 0° and 359° based on the time
relative to individual CBT minimum.

Circadian Variation of Sleep Parameters
On average, participants slept for 27.3 + 1.0 min/nap across
each day of the 72-h USW procedure (day 1: 27.0 min/nap; day
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2: 27.2 min/nap; day 3: 27.3 min/nap; no significant difference
between days); 43.5 + 1.4 min/nap during the four naps span-
ning the habitual nocturnal sleep episode, and 19.2 + 1.1 min/
nap during the eight naps spanning the habitual wake period.
A significant circadian rhythm of each sleep parameter was
observed (P<0.0001; Figure 1). TST, SE, and S2 sleep measured
during each nap episodes were maximal during the time span-
ning the habitual sleep period, whereas SOL was minimal at
that time. S1 and SWS demonstrated a similar pattern, although
it was of much smaller circadian amplitude than that of S2 and
REM sleep. REM sleep showed a sharp peak in the morning at
the end of the habitual sleep period with minimal values the rest
of the day. The circadian variation of REM sleep onset latency
followed the inverse pattern.

HRV Regulation by Vigilance States

For each participant, HRV data were binned according to their
corresponding sleep stage. A significant main effect of sleep
stages was found on RRI and every HRV parameter (P < 0.0002;
Figure 2). Pairwise comparisons revealed that mean RRI was
significantly lower during wake episodes compared to all sleep
states measured during nap episodes (P < 0.006). During nap
episodes, the mean RRI measured during S1, S2, and SWS
was significantly greater than that observed during WBSO
(P <0.0001) and WASO (P < 0.0002). There was no significant
difference in RRI between S1, S2, and SWS. REM sleep was
associated with increased RRI compared to that of wake episodes
and WBSO (P = 0.02), but similar to that of WASO (P =0.13).

HF power observed during wakefulness (i.e., wake episodes,
WBSO, or WASO) was comparable to that observed during
SWS and REM sleep. HF power was maximal during S1 sleep,
significantly increased compared to wake episodes (P < 0.001),
WBSO (P=0.02), and SWS (P =0.005). HF power was signifi-
cantly higher during S2 sleep compared to wake episodes only.
The LF power level was higher during wake episodes, WASO,
S1, and REM sleep, declined during S2 (P <0.02), and reached
its lowest value during SWS (P < 0.01). During REM sleep,
the LF power was similar to that observed during wakefulness
and S1. The LF:HF ratio was highest during wake episodes,
progressively declined with deeper sleep stages, and reached its
lowest value during SWS. This value was significantly reduced
during SWS compared to all other stages (P < 0.04), except that
of S2 sleep. The LF:HF ratio of S2 was comparable to that of S1.
During REM sleep, the LF:HF ratio was comparable to that of
WBSO and WASO (P > 0.99), significantly reduced compared
to wake episodes (P = 0.0004), and significantly increased
compared to that of all NREM sleep stages (P < 0.001).

Results of the linear mixed model looking at the effect of SE
and SWS on HRV indicate that the level of sleep disruption in
naps significantly affected HRV (P < 0.014). More specifically,
we found that a 10% reduction in SE was associated with a
mean (+ SEM) reduction of 1.40 + 0.13% and 3.12 + 0.86%
in RRI and HF power, respectively, as well as an increase of
1.61 = 0.56% and 3.78 £ 0.54% in LF power and LF:HF ratio,
respectively. In addition, a 10% increase in the amount of SWS
within naps was associated with a 3.82 +0.72% increase in mean
RRI, as well as a reduction of 17.30+2.78% and 16.54 + 1.53%
in LF power and LF:HF ratio, respectively. No significant effect
of SWS duration was observed on HF power (P = 0.47).

Circadian and Sleep Variation of HRV—Boudreau et al
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Figure 1—Circadian variation of polysomnographic (PSG) sleep measures obtained throughout the ultradian sleep-wake cycle procedure. TST, total sleep
time; SE, sleep efficiency; SOL, sleep onset latency; REMS, rapid-eye movement sleep; ROL, REM onset latency; S1, stage 1 sleep; S2, stage 2 sleep; SWS,
slow wave sleep. Results were folded every 360° and repeated over two circadian cycles for illustrative purposes. A nonlinear mixed model was applied to
individual subjects’ 30°-binned data using nimixed SAS procedure. All PSG measures had a significant circadian amplitude (amplitude significantly different
from 0, P < 0.05). The vertical dotted line corresponds to the core body temperature (CBT) minimum. Bottom X axes represent circadian phase and top X
axes represent the corresponding clock time (CBT minimum at 0° = 05:23). Black bars along the X axes represent the time of projected habitual nocturnal
sleep episodes. All values are means * standard error of the mean.

Circadian Regulation of HRV During Vigilance States

Each 30-sec sleep epoch and corresponding HRV data
collected throughout the USW procedure was assigned a circa-
dian phase. We have previously reported a significant circa-
dian rhythm of RRI and other HRV parameters during wake
episodes.® These curves are reproduced in the current manu-
script for comparative purposes (gray lines, Figure 3).
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Details of the circadian variation of HRV during each sleep
stages are presented in Figure 3 and Table 1. A significant
circadian rhythm was observed for RRI during each vigi-
lance state (P < 0.002); for HF power during all sleep stages
(P < 0.05) except REM sleep; for LF power during all sleep
stages (P < 0.02) except SWS and REM sleep; and for the
LF:HF ratio only during wake episodes and REM sleep (P
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Figure 2—Heart rate variability (HRV) measures obtained during each vigilance state (i.e., Wake: wake episodes; WBSO, wake before sleep onset; WASO,
wake after sleep onset; S1, stage 1 sleep; S2, stage 2 sleep; SWS, slow wave sleep; REMS, rapid eye movement sleep). HRV measures were binned
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Vigilance / Sleep stage

< 0.003). Circadian amplitude and acrophase of each HRV
parameter varied between sleep stages. In summary, during
S2 and SWS, RRI peaked at the beginning of the night and was
advanced compared to the CBT minimum (P < 0.03). During
REM sleep, the acrophase of RRI occurred in the evening
(252.5° + 10.6° or 22:13 £ 00:43), significantly advanced
relative to that of other vigilance states (P < 0.005). During
REM sleep, RRI was lower, thus HR maximal, around the
time of habitual awakening (72.5° = 10.6° or 10:13 £ 00:42).
The acrophase of HF and LF power rhythms measured during
sleep was aligned with CBT minimum, such that HF and LF
power peaked at the end of the night when CBT was at its
nadir. There was a trend for the HF power acrophase during
SWS to be advanced relative to the CBT minimum (P = 0.07).
The acrophase of the LF:HF ratio during REM sleep occurred
in the early morning, at a time coincidental with the CBT
minimum, significantly advanced compared to that of wake
episodes (P < 0.001).

DISCUSSION

HRV Regulation by Vigilance States

The initial RRI increase associated with turning the lights
out® was followed by an additional increase after sleep onset,
consistent with prior findings.”® We observed a progressive
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shift toward greater parasympathetic modulation (lower LF:HF
ratio) with increasing sleep depth. These ANS changes are
consistent with prior HRV studies,*'° direct sympathetic nerve
recordings,'' and plasma catecholamine levels*” measured in
humans during sleep. During REM sleep, our results suggest
an increased shift toward greater sympathetic modulation
at a level comparable to that of wakefulness, in line with
reported surges in sympathetic nerve activity measured by
microneurography'' or HRV.%1°

We showed that parasympathetic cardiac modulation (abso-
Iute HF power) is elevated around sleep onset, during S1, S2,
and REM sleep, but reduced during SWS compared to S1. This
apparent reduction in parasympathetic modulation of the heart
during SWS is consistent with studies reporting the absolute HF
power during sleep,’?® but not with others using the normalized
HF power (nHF = HF/(LF + HF))*!*% showing maximal values
during SWS. Using our USW data, we were indeed able to repli-
cate these results where nHF is maximal during SWS (data not
shown). Early studies linked the parasympathetic modulation of
the heart with the absolute HF power*® and were validated by
animal and human experiments using vagal denervation,” vagus
nerve excitation, blockage,* and recordings.’! We consider that
the nHF power emphasizes the balance of the two branches of
the ANS rather than the parasympathetic component.?** Another
study used pharmaceutical agents to show that although HF is

Circadian and Sleep Variation of HRV—Boudreau et al
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essentially linearly related to parasympathetic activation within
physiological RRI ranges (600-1300 ms), HF may decrease with
high parasympathetic activity at greater RRI (> ~1300 ms).*
Although we cannot exclude that this ceiling effect might
explain the lower HF observed during SWS, it is unlikely as
mean RRI during SWS (+ SEM) was 1101.3 + 12.51 ms, below
the limit observed by Goldberger et al.** Thus, we believe that
activity of both ANS branches goes down with sleep depth, but
that this reduction is less pronounced for the parasympathetic
compared to the sympathetic modulation of the heart, leading to
areduced LF:HF ratio during SWS.

Arecent publication by Kuo et al.* showed an initial increase
of HF power prior to sleep onset in rats, followed by a decline
within 5 min of quiet sleep. Our increased HF power during
S1 sleep compared to deeper sleep stages may result from a
similar phenomenon. Increased HF power and LF:HF ratio
followed quiet-to-paradoxical sleep transitions in that experi-
ment.* In line with our increased HF power and LF:HF ratio
during REM sleep, it indicates that an increase in sympathetic
modulation of the heart, and not a withdrawal in parasympa-
thetic activity, contributes to the shift toward greater LF:HF
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ratio and sympathetic modulation observed during transitions
from NREM to REM sleep.

WASO and reduced SE were associated with shifts toward
sympathetic cardiac modulation (i.e., increased LF, LF:HF;
reduced RRI). These findings are consistent with an increased
HR and sympathetic modulation during spontaneous® or
evoked® arousals in healthy or sleep disordered patients.’’
These evidences suggest that sleep fragmentation is associated
with changes in HRV which may have clinical implications.

Circadian Regulation of HRV During Each Vigilance State

The circadian variation of all sleep measures is consistent
with findings of prior studies using an USW procedure®** or
a forced desynchrony protocol.** These analyses, combined
with our previous results on hormonal and body temperature
rhythm,**' confirm the validity the USW procedure to investi-
gate the circadian variation of physiological parameters.

Although the endogenous nature of HR rhythm during
wakefulness has been well established,* to our knowledge,
this is the first time a significant circadian rhythmicity of HR
is described during each sleep stage in humans, apart from our
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Table 1—Parameters defining the circadian variation of HRV during each sleep stage
State effect Amplitude Acrophase (¢,)
Measure (b, % of the mean) (A% of the mean) Degree (°) Time of day
RRI Wake - 454+0.28° 337.0+35 03:51 £ 0:14 beef
SO 7.78 £0.31 5.51 +0.34 2 353.7+34 04:54 + 0:14 20t
S1 16.23 £0.43 3.94+050° 339.7+82 03:53 £0:32 ¢
S2 18.54 +0.40 402+046° 3089+7.2 01:58 + 0:29 2
SWS 17.14 £ 0.61 3.73+£0.79 308.3+£125 01:55 £ 0:50 2
REMS 16.12 £0.92 473 +1.17 252.5+10.6 22:13 £ 0:43 abede
LF power  Wake - 9.25+1.44¢% 255%9.0 07:.05+0:36°
S0 -14.25 +1.62 15.72+1.80 « 11463 05:29 £0:25°2
S1 -17.89+2.28 16.33+£2.71% 23+£10.3 05:25 £ 0:38
82 -38.37 £2.13 7.87+£2.60% 29.4+18.0 07:23 £ 1:12
SWS 62.39 +£3.20 n.s. ns. n.s.
REMS -9.93+4.72 n.s. n.s. n.s.
HF power ~ Wake - 11.58 £ 1.68° 3316+8.2 03:29 £0:33°
S0 21.52 £ 1.86 21.67 £2.06 = 358.1+£53 05:16 £0:21°2
S1 45.37 +2.61 15.17 £ 3.08¢ 354.9+£12.9 05:11 £ 0:50
S2 4598 243 5.56 + 2.66 329.1+£32.2 03:19 £ 2:09
SWS 23.05 £ 3.66 12.76 £ 4.65 316.6 £22.5 02:29 £ 1:29
REMS 4137 £542 n.s. n.s n.s.
LF:HF ratio Wake - 9.27 £ 1.31 106.3 + 8.1 1228 £0:32°
S0 -37.75 £ 1.46 n.s. n.s. n.s.
S1 -53.67 £2.05 n.s. ns. n.s.
S2 -66.40 + 1.91 n.s. n.s. n.s.
SWS -80.18 £2.89 n.s. n.s. n.s.
REMS -40.93 +4.26 15.74 £ 4.31 34+£19.2 05:36 + 1:06 2
Parameters used in the nonlinear mixed effect model illustrated in Figure 3 to describe the circadian variation of HRV components in all vigilance states. Bold
numbers indicates parameters that are significantly different from 0 (P < 0.05). n.s. indicates nonsignificant rhythms (amplitude not significantly different from
0% [P > 0.05]). For amplitude and acrophase comparisons between vigilance states, *P < 0.05 versus wake episodes; °P < 0.05 versus SO; °P < 0.05 versus
S1;9P < 0.05 versus S2; °P < 0.05 versus SWS; P < 0.05 versus REMS. HF, high frequency; LF, low frequency; REMS, rapid eye movement sleep; RRI, R-R
interval; SWS, slow wave sleep.

recent publication on cardiorespiratory coherence.®® Hu et al.*?
reported a circadian rhythm of RRI during sleep opportunities, a
result that we recently corroborated using our USW procedure.’
In our study, the circadian variation of HF power observed
during wakefulness persisted during NREM sleep, whereas
that of the LF power was lost with deeper NREM sleep stages.
Interestingly, the circadian rhythmicity of the LF:HF ratio was
nonsignificant during all NREM sleep stages and present during
REM sleep. Prior studies conducted throughout a 7-h night-
time sleep period (without circadian phase assessment) report
inconsistent results about sympathovagal balance on the heart
rate night.?** The USW procedure assesses circadian phase
while minimizing the confounding effects of time spent asleep
or awake, and thus constitutes an advantageous experimental
approach for investigating the interaction of circadian and sleep
stage-specific processes on HRV.

Our results show that the circadian acrophase of each HRV
index differed across sleep stages, thus strongly supporting
an interaction between these processes on the ANS cardiac
modulation. The circadian regulation of sleep-specific changes
resulted in more pronounced RRI and HF increases during
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S2 and SWS when these sleep stages occurred in the first
part of the night (acrophase + SEM, RRI-S2: 01:58 + 00:29,
RRI-SWS: 01:55 + 00:50, HF-S2: 03:19 + 02:09 HF-SWS:
02:29 + 01:29) compared to the afternoon. This time is coin-
cidental with highest occurrence of SWS in subjects living on
a day-oriented schedule. Similarly, REM sleep was associated
with higher HR and LF:HF ratio when it occurred in the morning
(nadir RRI-REM sleep: 10:13 + 0:43, acrophase LF:HF-REM
sleep: 05:36 + 1:06) compared to the evening, a time coinci-
dental with peak REM sleep propensity. Thus, the sleep stage-
specific variation of RRI and HRV parameters across circadian
phases is such that it enhances the effect of SWS and REM
sleep on ANS cardiac modulation at peak circadian propensity
of these sleep stages. These observations add support to the
hypothesis that early morning is a high vulnerability period for
adverse cardiovascular events. As the acrophase of the LF:HF
ratio is delayed during wake episodes compared to REM sleep
(Figure 3), waking up in the morning could contribute to extend
this vulnerability period throughout the morning.! Moreover,
this interaction suggests that sleeping at night is associated with
a greater increase in RRI and HF power than sleeping at adverse
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circadian phases. Going to bed in the afternoon would lead to
the fastest HR during NREM and REM sleep. This would be
the case of a night shift worker who would wait a few hours
after his shift to go to bed.

Neuronal pathways linking the ANS, circadian, and sleep
systems exist and could explain our observations. Some brain
regions inactive during REM sleep (REM-off), including the
dorsal raphe nucleus, the locus coeruleus, and the ventrolateral
part of the periaqueductal gray matter,” are also involved in
the ANS control of the heart.*® The suprachiasmatic nucleus
(SCN) projects to the paraventricular nucleus of the hypothal-
amus, which is one of the most important hypothalamic regions
involved in central ANS control.” The presence of multisyn-
aptic autonomic projections from SCN neurons to the heart
was shown in rats.*® Compared to REM sleep and wakefulness,
NREM sleep was also shown to alter SCN neuronal activity in
rats* which could in turn influence HRV. The SCN receives
cholinergic projections from the pedunculopontine (REM-on)
and laterodorsal tegmental nuclei (REM-on), serotoninergic
projections from the dorsal raphe nucleus (REM-off), and
noradrenergic projections from the locus coeruleus (REM-off),
all implicated in generation of REM sleep.*° In relation to our
results, it is possible that reduced and elevated SCN firing rate
during SWS and REM sleep, respectively, leads to variable
strength in the SCN output, which in turn modulates the circa-
dian amplitude in ANS modulation of the heart.

Clinical Implications

Reduced HRYV in different medical conditions or in healthy
subjects is associated with increased cardiovascular risk.?>%3!
The prognostic value of HRV after acute myocardial infarc-
tion and in other diseases is recognized in prior literature. In
follow-up studies looking at postmyocardial infarction patients,
nonsurvivors had on average a reduction of ~30-40% in LF
power and ~45-50% in HF power compared to survivors.>*5>%
Similarly, Galinier et al. showed a ~32-50% higher HF and LF
power level at baseline between those who survived chronic
heart failure compared to those who did not in a 3-y follow-up
study.>! The peak-to-trough amplitude of the circadian variation
that we observed is between ~16-32% for the LF power and
between ~11-43% for the HF power. When combined with the
important sleep stage-specific effect (e.g. -62% in LF power
during SWS), we think that the circadian and sleep stage-
specific regulation of the heart is of major clinical importance
in diseased patients.

Awakenings after sleep onset increase HR, blood pressure,
and sympathetic modulation of the heart.'#*” Medical condi-
tions'”!® and sleep disorders'*'® causing frequent awakenings
during sleep have been associated with higher cardiovascular
risk. Our results show that reduced SE, greater number of
WASO, and increased REM sleep duration (during which spon-
taneous awakenings also increase) are associated with a shift
toward greater sympathetic modulation. How these changes
in HRV translate to increased cardiovascular risk will require
further research.

Few studies investigated the role of NREM and REM sleep
on the pathogenesis of cardiac events. REM sleep is associated
with surges in sympathetic nerve activity, HR, and blood pres-
sure, as well as reduced baroreceptor sensitivity,'' challenging
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the cardiovascular system. NREM sleep is considered cardio-
protective and increased HF power during NREM sleep is a
good indicator of cardiac health.® However, bradycardia and
hypotension during SWS could also lead to reduced coronary
perfusion, which in turn could lead to asystolic, ischemic, or
thrombolic events in cardiac patients. According to our results
and the nocturnal sleep stages distribution, it is tempting to
hypothesize that acute cardiac events related to the parasym-
pathetic or sympathetic systems would be more prevalent in
the beginning or in the end of the night, respectively. Evidence
supports such biphasic prevalence in adverse cardiac events
at night,’ though the relation between a specific cardiac
events, a corresponding ANS division, and a sleep state is
difficult to establish. For instance, myocardial ischemia could
be explained by reduced coronary blood flow during NREM
sleep, or increased metabolic demand during REM sleep.
Increased sympathetic modulation of the heart during REM
sleep is consistent with reports of increased morning inci-
dence in acute myocardial infarction, sudden cardiac death,
atrioventricular block, ventricular fibrillation, and ventricular
tachycardia.> An increase in myocardial infarction, sudden
cardiac death, paroxysmal atrial fibrillation onset, and auto-
matic implantable cardioverter-defibrillator discharges has
been reported in the first part of the night during increased
SWS prevalence,” and NREM sleep was shown to precipitate
multiple myocardial ischemic events in pigs in the presence of
a flow-limiting coronary stenosis.'* This indicates that SWS
could lead to myocardial ischemia in patients suffering from
coronary artery diseases.

A majority of night shift workers live in a state of chronic
desynchronization between their circadian system and their
imposed sleep-wake cycle.’* A recent meta-analysis suggests a
possible association between ischemic heart diseases and shift
work." Our data indicate that sleeping at unconventional circa-
dian phases could result in higher HR and reduced parasym-
pathetic modulation. Thus, a recommendation would be that
night shift workers plan their sleep periods in the morning to
maximize the shift toward greater parasympathetic modulation
during SWS. Even if morning hours are also associated with
maximal REM sleep sympathetic modulation, this maximal
sympathetic level is still lower than that observed during wake-
fulness. Conversely, shift workers susceptible to ischemic or
bradycardia events that could be worsened by elevated para-
sympathetic levels should plan their main sleep period in the
afternoon/evening before a night shift."”® Initiating sleep in the
afternoon just prior to a nightshift reduces the homeostatic sleep
pressure for the following night shift but can also substantially
impair social and family life.”> Recommendations of optimal
sleep schedule for night shift workers should thus be considered
according to which sleep state could be more beneficial/chal-
lenging based on preexisting medical conditions. Shift work
can substantially modulate sleep organization and efficiency,
and lead to acute and chronic sleep deprivation. In any case,
cardiac patients should avoid sleep deprivation because it leads
to SWS or REM sleep rebound the following night.

Limitations
As aresult of the circadian distribution of sleep stages, REM
sleep or SWS periods were short or missing at certain circadian
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phases (Figure 1). Missing data combined with elevated inter-
individual variability may have reduced our statistical power
to detect significant HRV circadian amplitude in SWS or REM
sleep. Our statistical analyses included random effect param-
eters to account for interindividual variability. We designed our
60/60-min USW procedure to minimize the amount of sleep
restriction compared to the classic 60-30 min USW procedure.*®
However, an effect of sleep deprivation was still observed in
our study. As a correction factor, we included a time-in-experi-
ment effect in our equation.® Although the HF power is mostly
recognized as an index of parasympathetic modulation of the
heart, there is debate about the physiological significance of
the LF:HF ratio as a quantitative tool to evaluate the sympa-
thovagal balance of the heart because of inconsistent results
in certain situations and a lack of formal definition.”” Further-
more, we did not correct for breathing frequency. Nevertheless,
HRYV is generally accepted as an index of cardiovascular health
and results of the current manuscript are in line with those that
we recently reported using cardiorespiratory coherence (i.e.,
adjusting for the breathing frequency).*

CONCLUSION

The current study provides evidence that circadian and sleep
stage-specific processes interact to influence the ANS modula-
tion of the heart. These observations strongly suggest that the
regulation of the ANS modulates the diurnal variation of cardio-
vascular vulnerability by enhancing sleep stage-specific effects
at specific times of day. Sympathetic modulation during REM
sleep was increased in the morning. Although probably protec-
tive in healthy individuals, the circadian variation of HR and
HF power during NREM sleep may also accentuate morbidity
and mortality in cardiac disease patients. Better knowledge of
the physiological mechanisms responsible for the circadian
regulation of the heart during sleep could lead to the develop-
ment of pharmacological tools targeting specific sleep stages or
circadian phases for the benefit of cardiac patients.
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