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Abstract
In healthy, young individuals, a reduction in cardiovascular output and a shift from
sympathetic to parasympathetic (vagal) dominance is observed from wake into stages
of nocturnal and daytime sleep. This cardiac autonomic profile, measured by heart
rate variability (HRV), has been associated with significant benefits for cardiovascular health. Aging is associated with decreased nighttime sleep quality and lower
parasympathetic activity during both sleep and resting. However, it is not known
whether age-related dampening of HRV extends to daytime sleep, diminishing the
cardiovascular benefits of naps in the elderly. Here, we investigated this question by
comparing the autonomic activity profile between young and older healthy adults
during a daytime nap and a similar period of wakefulness (quiet wake; QW). For
each condition, from the electrocardiogram (ECG), we obtained beat-to-beat HRV
intervals (RR), root mean square of successive differences between adjacent heartbeat-intervals (RMSSD), high-frequency (HF), low-frequency (LF) power, and total
power (TP), HF normalized units (HFnu), and the LF/HF ratio. As previously reported, young subjects showed a parasympathetic dominance during NREM, compared with REM, prenap rest, and WASO. Moreover, older, compared to younger,
adults showed significantly lower vagally mediated HRV (measured by RMSSD,
HF, HFnu) during NREM. Interestingly, however, no age-related differences were
detected during prenap rest or QW. Altogether, our findings suggest a sleep-specific
reduction in parasympathetic modulation that is unique to NREM sleep in older
adults.
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IN TRO D U C T ION

The autonomic nervous system (ANS) plays a major role in cardiovascular adaptations to environmental changes and is thus
critical for global allostasis (McEwen, 2002), or the ability of
organisms to maintain stability, adaptability, and health in response to actual or perceived environmental and psychological
demands. The ANS is generally conceived to have two major
branches—the sympathetic system, associated with energy
mobilization, and the parasympathetic system, associated with
vegetative and restorative functions. In healthy adults, the activity of these branches is in dynamic balance and is dependent
on activity and rest cycles. For example, there is a well-documented circadian rhythm to the ANS such that sympathetic
activity is higher during daytime hours and parasympathetic activity increases at night (Jarczok et al., 2019). Along with these
circadian shifts, sleep also directly influences the ANS, and vice
versa, with restorative, parasympathetic processes dominating
during nighttime sleep (Trinder et al., 2012). In younger adults,
daytime naps present with similar cardiac autonomic profiles
as nighttime sleep (Cellini et al., 2016; Whitehurst et al., 2018),
suggesting that daytime sleep too, serves a restorative function.
These circadian- and sleep-dependent shifts in the ANS are
critical to the maintenance of autonomic balance between parasympathetic and sympathetic branches (Boudreau et al., 2013)
and are beneficial for health and cognition (Chen et al., 2020a,
2020b; Thayer et al., 2009; Whitehurst et al., 2016, 2020). As
we age, ANS functions can become more rigid, with decreased
β-adrenoreceptor response, decreases in baroreflex activity, diminished heart rate responses to acetylcholine, and decreases in
cardiac parasympathetic activity (Chadda et al., 2018). Studies
show that these age-related ANS changes may contribute
to autonomic imbalance, in which the sympathetic system is
hyperactive and/or the parasympathetic system is hypoactive.
Autonomic imbalance is associated with various pathological
conditions, such as cardiovascular morbidity and mortality, diabetes, and dementia (Thayer & Lane, 2007; Thayer et al., 2010).
It is not yet known whether cardiac autonomic profiles during
daytime naps differ in both older and younger adults, which was
the goal of the present investigation. Such information would
contribute to a comprehensive understanding of sleep's role in
ANS activity across the life span.
One way to determine ANS activity is through heart rate variability (HRV) measurements that reflect global ANS changes,
and specifically, parasympathetic activity. Parasympathetic/
vagal activity is implicated in two measurements extracted
from the electrocardiogram (ECG). First, is the root mean
square of successive differences between adjacent heart beatto-beat intervals (RMSSD) where higher intervals between
heart beats represent greater parasympathetic/vagal innervation
(Task Force, 1996). The second is high-frequency power (HF;
0.15–0.40 Hz), which is indicative of vagally mediated respiration (Task Force, 1996). Decreased parasympathetic activity
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is associated with excessive inflammatory functioning (Pavlov
& Tracey, 2012), and heightened risk for chronic disease (see
Kemp & Quintana, 2013 for a review), including cardiovascular
disease, which is the leading cause of death and disability in
the United States (National Center for Health Statistics, 2018).
Beyond physical health, HRV has also been linked to greater
self-regulation of cognitive, emotional, and social domains
(see Shaffer et al., 2014 for a review). For example, Thayer and
colleagues proposed the Neurovisceral Integration Model and
argued that HRV reflects the activity of an integrative neural
network that flexibly regulates physiological, cognitive, and
emotional responses (Smith et al., 2017; Thayer & Lane, 2009).
Specifically, individuals with higher HRV during wake (measured during or immediately prior to cognitive testing) have
been shown to perform better on a wide range of cognitive
tasks that engage the prefrontal cortex, including working
memory (n-back task: Hansen et al., 2003; operation-span task:
Mosley et al., 2018), cognitive inhibition (Stroop task: Hansen
et al., 2004), and emotion regulation (Williams et al., 2015).
Considering HRV may be a critical predictor of psychological
and physiological health, HRV can be considered an access
point for intervention as sleep is a reoccurring condition where
ANS activity is naturally modulated, and importantly, good
sleep has been tied to better physical and cognitive health outcomes (see Whitehurst et al., 2020 for a review).
Sleep and the ANS influence each other in a bidirectional
fashion. Changes in the ANS modulate sleep onset and the
transition between the different sleep stages, and each sleep
stage is associated with a distinct autonomic profile (see
Trinder et al., 2012 for a review). As the brain shifts from wake
to sleep, the body undergoes marked changes, including heart
rate deceleration and relative increases in parasympathetic activity during nonrapid eye movement (NREM) sleep (Trinder
et al., 2001). Young adults show variations in HRV according
to sleep stages, switching from vagally dominated NREM (N2
and N3) sleep to sympathetic-parasympathetic balanced rapid
eye movement (REM) sleep (Brandenberger et al., 2001).
ANS activity during nocturnal sleep has been considered as
a “cardiovascular holiday” (see Tobaldini et al., 2013 for a
review) due to its characteristic drop in blood pressure and
parasympathetic dominance during NREM sleep compared
with wake. However, whether such cardiovascular benefits are
solely sleep-dependent has received some challenges.
Circadian rhythms influence both sleep (Borb &
Achermann, 1999) and cardiovascular activity (Guo &
Stein, 2003), and may contribute to promoting parasympathetic activation. As such, daytime sleep may confer less restorative benefit (i.e., parasympathetic tone) than nighttime
sleep. However, few studies have investigated cardiac profiles
during daytime naps. Two recent studies report that, in healthy
young subjects, vagal activity is modulated by daytime sleep
(Cellini et al., 2016), and that similar HRV profiles exist between naps and nighttime sleep (Whitehurst et al., 2018). These
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studies support the notion that naps, like nighttime sleep, may
serve as a mini-cardiovascular break. Further, and aligned with
the Neurovisceral Integration Model, studies have shown that
parasympathetic activity during a daytime nap facilitates improvement in long-term memory (Whitehurst et al., 2016) and
working memory (Chen et al., 2020a). Furthermore, these previous investigations did not directly address whether cardiovascular benefits during a nap are sleep-specific or whether
benefits can also be achieved from a comparable duration of
quiet wake during the day. Specifically, these studies typically
compared the profile across the nap sleep stages to a five-minute
presleep rest period, reporting increased parasympathetic activity during NREM sleep compared with presleep rest. Yet, parasympathetic dominance can be induced during periods of quiet
wake not associated with sleep. For example, mindfulness has
been shown to enhance parasympathetic influences on the heart
rate (increased HF and decreased LF; Heckenberg et al., 2018;
Krygier et al., 2013; Mankus et al., 2013). In addition, listening to classical music for 20 min also increases parasympathetic
tone (increased HF and RMSSD; Lin et al., 2013). Complicating
matters, methods for measuring awake resting HRV varies between studies. Sleep studies measure HRV during five minutes
of presleep rest while subjects lay on a bed preparing for sleep
(Cellini et al., 2016), while waking studies measure it in subjects
who are seated instead of lying down, but not preparing for sleep
(Mattarozzi et al., 2019). One goal of the current study is to determine if QW and presleep rest confer the same cardiac profile,
information that will greatly inform our understanding of HRV
activity across waking states and methodologies.
Aging is linked to a decline in cardiovascular control
(Colosimo et al., 1997) and substantial research shows that
aging is associated with a decrease in HRV and sympathovagal imbalance (O’Brien et al., 1986; Russoniello, 2013;
Santillo et al., 2012). The age-related reduction in resting
HRV has been observed in both cross-sectional comparisons
and in a longitudinal study (Sinnreich et al., 1998). In particular, a study found two significant declines in waking ANS
activity across aging, one around adolescence/early adulthood
and the second at about 60 years old with a continual decline
to 80 years old (Zhang, 2007). But, studies on age-related
HRV changes during sleep remain scarce. The two studies
that do exist report a loss of parasympathetic activity (measured by HF HRV and SDNN; standard deviation of normal
to normal RR intervals) during nocturnal NREM sleep in the
elderly compared with young subjects, with no significant
sleep-stage dependent variations (Brandenberger et al., 2003;
Crasset et al., 2001). These results imply that decreased HRV
in older adults may be especially prominent during NREM
sleep stages, compared to waking. The age-related cardiac
profiles during a daytime nap, to our knowledge, have not yet
been studied. Given that cardiovascular disease is the leading
cause of death in the United States (Benjamin et al., 2017), the
lack of research examining the relationship between napping
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and cardiovascular modulation is surprising considering that
90% of adults 60+ yrs in America nap at least once a week
(and 30% nap > twice a week), and that the frequency of napping has consistently been reported to increase with advancing
age (Ohayon & Vecchierini, 2002; Ohayon & Zulley, 1999).
Additionally, the relationship between napping and cardiovascular risk is quite controversial, with epidemiological studies
reporting that frequent napping is associated with both increased (Jung et al., 2013; Leng et al., 2014) and decreased
(Campos & Siles, 2000) risk for coronary heart disease or
cardiovascular mortality. Moreover, both positive (Blackwell
et al., 2006; Cross et al., 2015) and negative (Campbell
et al., 2005; Keage et al., 2012) associations have emerged
between napping and increased risk of cognitive decline.
Given the lack of studies investigating HRV across daytime
sleep in older populations and the pressing need for understanding the role of napping on physiological and psychological health, the current study aimed to assess cardiac autonomic
activity across sleep stages during an afternoon nap in healthy
young and older adults. First, we utilize a between-subject design
to compare HRV profiles between a standard HRV QW condition and prenap rest condition. Next, we utilize a within-subject
design to compare HRV profiles during prenap rest and sleep
stages. We utilized a nap period of ~90 min that was strategically
positioned in the mid-afternoon (1:30 p.m.) to promote adequate
proportions of N2, N3, and REM sleep (Mednick et al., 2003,
2013). Our a priori hypotheses were that: (1) QW will show similar parasympathetic activity compared to prenap rest in both age
groups; (2) young adults will show parasympathetic dominance
during NREM sleep compared to prenap rest; (3) older adults
will show no significant difference in parasympathetic modulation during NREM sleep compared to prenap rest; (4) older
adults will show decreased parasympathetic modulation during
NREM sleep and QW, compared to the younger subjects.

2
2.1

|

M ETHOD

|

Participants

60 (NAP) + 46 (QW) healthy young adults (18–35 yo,
male = 60, Mean = 20.67, SD = 3.07) and 46 (NAP) + 38 (QW)
older adults (60–85 yo, male = 42, Mean = 69.15, SD = 5.93)
with no personal history of neurological, psychological, or other
chronic illness provided informed consent, which was approved
by the University of California, Riverside Human Research
Review Board. Demographics and prior self-reported sleep habits are reported in Table 1. Participants included in the study had
a regular sleep-wake schedule (reporting a habitual time in bed
of about 7–9 hr for young adults and 6–8 hr for older adults per
night; Hirshkowitz et al., 2015).
The personal health histories were measured twice. First,
during a pre-screening online questionnaire a general health
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Descriptive statistics for demographics
Young adults
(N = 106)

Older adults
(N = 84)

Sig

Age (years)

20.7 (5.7)

69.1 (7.0)

***

Male/female

60/46 (56.6/43.4)

42/42 (50/50)

n.s.

Asian

51 (48.1)

9 (10.7)

African-American

4 (3.8)

9 (10.7)

Ethnicity

***

Caucasian

7 (6.6)

55 (65.5)

Hispanic

34 (32.1)

10 (11.9)

Other

10 (9.4)

1 (1.2)

Health behavior/
status
Caffeine/day

1.1 (1.4)

1.8 (1.8)

***

Alcohol/week

0.5 (3.1)

2.01 (3.8)

***

Nap/week

2.2 (2.5)

2.25 (3.0)

n.s.

Nap duration/day

48.6 (54.2)

38.8 (66.5)

n.s.

ESS

7.4 (3.3)

6.6 (3.1)

*

BMI (kg/m2)

24.2 (19.0)

30.7 (22.8)

*

Bedtime

***

8:00–9:00 p.m.

0 (0)

5 (5.9)

9:00–10:15 p.m.

7 (6.6)

33(39.3)

10:15 p.m.–12:30
a.m.

72 (67.9)

44 (52.4)

12:30–1:45 a.m.

27 (25.5)

2 (2.4)

Wake time

***

5:00–6:30 a.m.

8 (7.5)

20 (23.8)

6:30–7:45 a.m.

12 (11.3)

39 (46.4)

7:45–9:45 a.m.

74 (69.8)

23 (27.4)

9:45–11:00 a.m.

12 (11.3)

2 (2.4)

Note: Data are reported as Mean (standard deviation) for quantitative variables
and N (%) for categorical variables; Asterisks indicate significant differences
between age groups (n.s.- not significant: p > .05; *p < .05; ***p < .001).
Abbreviations: BMI, body mass index; ESS, Epworth Sleepiness Scale.

condition report was collected and the eligibility was determined. Second, eligible subjects were invited to participate in
an orientation in which they were given details about the study
and interviewed by a trained graduate student. Participants who
met any of the following exclusion criteria were excluded from
the study: (a) extreme morning or evening-type tendencies (measured with the Morningness-Eveningness Questionnaire; Horne
& Östberg, 1976); (b) excessive daytime sleepiness (reported by
Epworth Sleepiness Scale; Johns, 1991; subjects' rating > 13
were excluded); (c) a sleep disorder (assessed by questionnaires);
(d) any personal or immediate family (i.e., first-degree relative)
history of diagnosed significant psychopathology; (e) personal
history of head injury with loss of consciousness greater than
2 min or seizures; (f) history of substance dependence; (g)
current use of any psychotropic medications; (h) any cardiac,

respiratory or other medical condition which may affect cerebral
metabolism; (i) noncorrectable vision and auditory impairments.
Participants who did not meet any of the exclusion criteria above and also met all the following inclusion criteria were
enrolled in the study: (a) aged 18–39/60–85 years old; (b)
healthy, nonsmoking adult without major medical problems;
(c) completed at least 12 years of education; (d) a regular sleepwake schedule, defined as obtaining 7–9 hr (young adults) or
6–8 hr (older adults) of sleep per night, with a habitual bedtime between 9 p.m. and 2 a.m. (young adults) or 8 p.m. and
1 a.m. (older adults) and a habitual wake time between 6 a.m.
and 10 a.m. (young adults) or 5 a.m. and 9 a.m. (older adults).
Enrolled participants were asked to maintain their schedule for
one week prior to their visit, which was monitored with sleep
diaries. In addition, participants were asked to wear an actigraph (Actiwatch Spectrum, Respironics) for one night prior
to their visit. Subjects were rescheduled if they reported poor
sleep quality in their sleep diary, such as having more than two
nights of less than 6 hr of sleep or more than 9 hr of sleep
during the week prior to their visit, or if subjects’ actigraphy
data showed less than 6 hr of sleep or more than 9 hr of sleep
the night before the experimental visit. Rescheduled subjects
were given another week to fill out a new sleep diary and maintain a regular sleep-wake schedule prior to their visit.
During the orientation, participants were screened for cognitive impairment using Digit Span Backwards, which contains a
multivariate length string of digits; subjects were asked to repeat
the string of digits backwards after it was read to them. In addition, Older participants were screened for dementia using the
Telephone Screening for Dementia questionnaires (referred to as
TELE) (Gatz et al., 2002), which consists of a variety of questions to identify dementia-like symptoms. For older subjects, the
STOP-BANG questionnaire (Chung et al., 2008) was used to
screen for obstructive sleep apnea and those with a medium to
high risk (answering yes to three or more items) were excluded.
Additionally, participants were instructed to abstain from caffeine and alcohol starting at noon the day prior to the study (detected on the sleep diary). Participants who consumed alcoholic
beverages > 10 cans a week or caffeinated products >3 cups a
day were excluded prior to the study (reported in Table 1).

2.2

|

Procedures

On the study day, subjects were randomly assigned to either a
nap condition (NAP) or a quiet wake condition (QW). For the
NAP group, subjects were provided a 2-hour nap opportunity and were allowed to sleep up to 90 min, monitored with
polysomnography (PSG), including electroencephalography
(EEG), electrocardiogram (ECG), electromyogram (EMG),
and electrooculogram (EOG), in the Sleep and Cognition
(SaC) lab at 1:30 p.m. (12:30–1:00 p.m. for older subjects because of an assumption that their circadian rhythm and sleep

   

CHEN et al.

schedule may be shifted forward; Monk, 2005). Before sleep,
we recorded 5-min of resting HRV with subjects awake, in a
supine position with head and body still, arms and legs uncrossed and eyes open. Subjects EEG was monitored by lab
staff to ensure subjects did not close their eyes or fall asleep
during the resting recording. In the QW conditions, subjects
watched a 50-min nature documentary in a dark room lying
on the bed during which they were monitored by lab staff to
make sure they did not fall sleep. Participants received monetary compensation for participating in the study.

2.3

|

Sleep recording and scoring

Electroencephalographic (EEG) data were acquired using
a 32-channel cap (EASYCAP GmbH) with Ag/AgCI electrodes placed according to the international 10–20 System
(Jasper, 1958). Electrodes included 24 scalp, two electrocardiography (ECG), two electromyography (EMG), two electrooculography (EOG), one ground, and one on-line common
reference channel. The EEG was recorded with a 1,000 Hz sampling rate and was re-referenced to the contralateral mastoid
(A1 & A2) postrecording. Only eight scalp electrodes (F3, F4,
C3, C4, P3, P4, O1, O2), the EMG and EOG were used in the
scoring of the nighttime sleep data. Each signal was amplified,
band-pass filtered (EEG and EOG: 0.3–35 Hz), and digitized
at 256 Hz. Next, data were preprocessed using BrainVision
Analyzer 2.0 (BrainProducts, Munich Germany) and all epochs
with artifacts and arousals (>10-s of arousals) were identified
by visual inspection and rejected. EEG recordings were visually scored by two trained sleep technicians. Prior to scoring
these data, technicians were required to reach 85% reliability with each other and one other rater in the lab on two independent data sets. Raw data were visually scored in 30-s epochs
into Wake, Stage 1 Sleep (N1), Stage 2 Sleep (N2), Slow Wave
Sleep (N3), and rapid eye movement sleep (REM) according
to the American Academy of Sleep Medicine (AASM) rules
for sleep staging using HUME, a custom MATLAB toolbox.
Minutes in each sleep stage were calculated. Sleep onset latency (SOL) was calculated as the number of minutes from
lights out until the initial epoch of sleep, N2, N3 and REM.
Additionally, wake after sleep onset (WASO) was calculated
as total minutes awake after the initial epoch of sleep and sleep
efficiency (SE) was computed as total time spent asleep after
lights out divided by the total time spent in bed x 100.

2.4

|

Heart rate variability

Electrocardiogram (ECG) data were acquired at a 1,000Hz sampling rate using a modified Lead II Einthoven configuration. We analyzed HRV of the R-waves series across
the whole sleep/wake period using Kubios HRV Analysis
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Software 2.2 (Biosignal Analysis and Medical Imaging
Group, University of Kuopio, Finland), according to the
Task Force guidelines (Electrophysiology Task Force of the
European Society of Cardiology the North American Society
of Pacing, 1996). RR peaks were automatically detected by
the Kubios software and visually examined by trained technicians. Incorrectly detected R-peaks were manually edited.
Missing beats were corrected via cubic spline interpolation.
Inter-beat intervals were computed, and a third-order polynomial filter was applied on the time series in order to remove
trend components. Artifacts were removed using the automatic medium filter provided by the Kubios software.
The HRV analysis of the RR series was performed by a
MATLAB-based algorithm (see Whitehurst et al., 2018).
An autoregressive model (Model order set at 16; Boardman
et al., 2002) was employed to calculate the absolute spectral
power (ms2) in the LF HRV (0.04–0.15 Hz; ms2) and the HF
HRV (0.15–0.40 Hz; ms2; an index of vagal tone) frequency
bands, as well as total power (TP; ms2; reflecting total HRV),
and HF peak frequency (HFpf; Hz; reflecting respiratory
rate). From these variables, we derived the HF normalized
units (HFnu = HF[ms2]/HF[ms2] + LF[ms2]) and the LF/HF
ratio (LF[ms2]/HF[ms2]), an index often considered to reflect the sympathovagal balance (i.e., the balance between
the two branches of the ANS), but whose meaning has been
recently put into question (Billman, 2013; Reyes del Paso
et al., 2013). The LF, HF, and TP measures had skewed distributions and as such were transformed by taking the natural
logarithm, as suggested by Laborde et al., 2017. Since the LF
normalized units are mathematically reciprocal to HFnu (i.e.,
LFnu = 1–HFnu), to avoid redundancy, we computed only the
HFnu index, an index often thought to reflect vagal modulation (Burr, 2007). Due to controversies about the physiological mechanisms that contribute to changes in LF activity, LF,
LF/HF ratio, and HFnu are difficult to make for these parameters, but we report them for descriptive purposes.
In addition to the frequency domain parameters, RMSSD
(ms; root mean square of successive differences) was calculated as a measure of vagally mediated HRV in the time-domain. Similar to the frequency adjustments, to adjust for
skewed distributions in the RMSSD, we report the natural
logarithm. Additionally, we included the RR (ms; time interval between consecutive R-peaks, reflecting the frequency
of myocardial contraction) as an index of cardiac autonomic
control in our analyses (Pinna et al., 2007).
For time-domain and frequency-domain HRV measures during different sleep stages, consecutive artifact-free
3-min windows of undisturbed sleep were selected across
the whole nap using the following rules: (a) the 1.5-min
preceding and the 1.5-min succeeding, and (b) the entire
3-min epoch selected must be free from stage transitions,
arousal, or movements. Windows were identified and averaged within N2 sleep, slow-wave sleep (N3), REM sleep, and
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wake-after-sleep-onset (WASO). We also analyzed 5 min of
prenap wakefulness (Rest). Epochs of N1 were not analyzed
as this transitional sleep stage usually lasts less than five minutes, and in our sample, only three young subjects and no
older subjects had consecutive 5-min windows of artifact-free
N1 sleep. Three-min windows were chosen given that naps
have more fragmented sleep due to increased stage transitions, especially in the elderly subjects. In fact, even 3 min
of undisturbed sleep in each sleep stage is not as common in
daytime naps in the elderly population. Consecutive undisturbed 5-min windows used by previous nocturnal sleep studies (Ako et al., 2003; Brandenberger et al., 2003; de Zambotti
et al., 2014) would be implausible for analyzing HRV during
naps. In addition, we analyzed artifact-free 3-min windows
of 50 min QW during which the subjects watched a 50-min
nature documentary in a dark room lying on the bed.

2.5

|

Data reduction

As mentioned in the above section, not everyone experienced
all sleep stages with at least a stable 3-min epoch. Therefore,
in the NAP group, we included 60 young and 46 older adults
in analyses for Rest, 53 young and 37 older adults in analyses
for N2, 42 young and 20 older adults in analyses for N3, 21
young and 6 older adults in analyses for REM sleep, as well
as 43 young and 31 older adults in analyses for WASO. As
we only have six older adults who had at least 3-min of stable
REM sleep, REM data in the elderly were excluded from the
analyses. In fact, among all of our older subjects in the nap
group (N = 46), only seven of them ever reached REM sleep,
TABLE 2

Descriptive statistics for nap
Young
adults

N

Older
adults

N

Sig

TIB (min)

78.07 (3.1)

80.76 (3.36)

n.s.

TST (min)

61.50 (2.94)

46.99 (3.92)

**

SOL (min)

7.66 (0.99)

9.12 (1.27)

n.s.

N1 (min)

4.59 (0.47)

43

7.93 (1.07)

45

**

N2 (min)

31.45 (1.94)

59

28.86 (2.86)

45

n.s.

N3 (min)

19.22 (1.96)

53

7.47 (1.58)

21

***

REM (min)

6.24 (1.09)

29

2.72 (0.98)

7

n.s.

WASO (min)

6.56 (0.88)

48

19.01 (2.12)

46

***

SE (%)

77.59 (2.21)

56.52 (3.47)

***

Note: Data are reported as Mean (standard error); # indicated the number of
subjects reached each sleep stage. All stats are represented in minutes besides
SE which is in percentage. Asterisks indicate significant differences between age
groups (n.s.- not significant: p > .05; ** p < .01; *** p < .001).
Abbreviations: N3, slow wave sleep; REM, rapid eye movement sleep; SE,
sleep efficiency (calculated as 100*TST/TIB); SOL, sleep latency (calculated
as the time to first epoch of sleep); TIB, total time in bed; TST, total sleep time;
WASO, wake after sleep onset (calculated as the minutes of wake after first
epoch of sleep).

with six/ seven having artifact-free 3-min epochs. We have
listed the number of subjects that reached each sleep stage in
Tables 2 and 5.
In the QW group, we included 46 young and 38 older
adults in the analyses. Subjects with data points greater or
less than mean ± 3*standard deviation were considered as
outliers and were excluded from the analyses. We excluded
one older subject in the NAP group due to this criterion.
Descriptive statistics for HRV variables are shown in Tables 3
and 4 for the NAP and QW groups, respectively.

2.6

|

Power spectral analysis

The EEG power spectrum was computed using the Welch
method (4 s Hanning windows with 50% overlap) (Campbell
et al., 2005). Delta (0.5–3.99 Hz), theta (4–7.99 Hz), alpha
(8–13 Hz), slow sigma (9–11 Hz), fast sigma (12–15 Hz),
beta (15–30 Hz), and total power (0.5–30 Hz) were calculated for each sleep stage (i.e., WASO, Stage 2, SWS and
REM). Power spectrum was averaged across the eight scalp
electrodes (F3, F4, C3, C4, P3, P4, O1, O2). Summary statistics for the EEG power ratio (% power of each frequency
band of interest/ total power) are shown in Table 5 for the
NAP subjects.
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Statistical analyses

All statistical analyses were performed in R 3.6.2, using the
libraries lme4 (Bates et al., 2015), and lsmeans (Lenth, 2016).
First, to compare the between-subject difference between
prenap rest to QW, we used a two-way ANOVA using Stage
(prenap rest, QW) and Age (Young, Older) as between-subject
factors for each HRV variable. We first assessed a reduced
(nested) model, with Stage (prenap rest, QW) as the only factor. We then included Age (Young, Older) in the full model.
By comparing the reduced and full model using the Likelihood
Ratio Test (Lewis et al., 2011), we are able to interpret if adding the factor Age significantly improved the model.
Next, in order to investigate within-subject profiles of cardiac activity across sleep stages, we used linear mixed effect
models (LME), which do not depend on limited assumptions
about variance-covariance matrix assumptions (sphericity).
Additionally, LME models eliminate the need for averaging
epochs across sleep stages and allow the inclusion of an unbalanced number of observations per subject in the analyses.
Moreover, LME models take into account the influence of
factors whose levels are extracted randomly from a population
(i.e., participants), thus yielding more generalizable results
(Baayen et al., 2008). In order to examine the autonomic profile changes across sleep stages in the young adults and older
adults separately, we built a model using Participant as crossed

   

HFpf

HFnu

Note: Data are reported as Mean (standard error). Epochs indicated the average number of 3-min windows being analyzed in each sleep stage. Asterisks indicate significant differences between age groups corrected by Tukey's
method. (n.s.- no significant: p > .08; †p < .08 *p < .05; **p < .01; ***p < .001).

0.270 (0.008)
**
0.230 (0.010)
n.s.
0.246 (0.008)
0.255 (0.006)
n.s.
0.262 (0.008)
n.s.
0.270 (0.007)
0.273 (0.006)

0.265 (0.007)

n.s.
0.513 (0.026)
0.525 (0.021)

0.491 (0.025)

0.505 (0.031)

n.s.

0.592 (0.022)

*

0.261 (0.007)

0.483 (0.031)
*
0.609 (0.036)

1.20 (0.167)
n.s.

0.509 (0.028)

0.716 (0.024)

8.08 (0.181)
*

0.924 (0.210)

6.67 (0.248)

*
0.922 (0.110)

**
*

n.s.
1.29 (0.179)

7.46 (0.216)

n.s.
1.42 (0.150)

8.20 (0.146)
n.s.
7.72 (0.187)

1.15 (0.104)
LF/HF

2

TP (ln ms )

7.97 (0.128)

1.41 (0.126)

7.83 (0.133)

1.39 (0.163)

0.488 (0.122)

6.71 (0.200)
n.s.

7.06 (0.200)

7.33 (0.143)

6.73 (0.151)
**

5.16 (0.281)

5.70 (0.283)

*

5.69 (0.151)

***

6.51 (0.139)

5.76 (0.222)

*

*
5.99 (0.242)

5.99 (0.253)

n.s.
6.22 (0.206)

6.74 (0.163)
n.s.
6.30 (0.225)

6.62 (0.132)

HF (ln ms )

LF (ln ms2)

6.73 (0.151)

6.77 (0.155)

6.93 (0.154)

5.85 (0.237)

6.73 (0.189)

4.17 (0.099)
**
3.70 (0.146)
**
n.s.
4.11 (0.118)

2

RMSSD (ln)

4.22 (0.081)

4.20 (0.086)

3.93 (0.131)

n.s.

4.28 (0.082)

3.85 (0.124)

4.19 (0.085)

905 (22.4)

3.24 (0.618)
*

†
928 (23.8)

3.75 (0.713)

†

984 (20.0)

n.s.

987 (19.5)

930 (22.0)

*

n.s.
901 (22.6)

5.41 (0.592)

n.s.
943 (21.5)

3.49 (0.454)
n.s.
1.91 (0.475)

945 (19.2)
RR (ms)

Epochs

1.47 (0.366)

918 (20.2)

6.11 (0.389)

4.97 (0.524)

5.98 (0.437)

Young (21)
Young (42)
Sig
Older (37)
Young (53)
Young (43)
Sig
Older (46)
Young (60)
Age Group (N)

WASO
Rest
Stage

TABLE 3

Summary of HRV parameters across sleep stages

Older (31)

Sig

N2

N3

Older (20)

Sig

REM
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TABLE 4

|

7 of 17

Summary of HRV parameters during QW

Stage

QW

Age group (N)

Young (46)

Older (38)

Sig

Epochs

14.5 (0.329)

15.1 (0.362)

n.s.

RR (ms)

914 (21.3)

906 (23.4)

n.s.

RMSSD (ln)

4.09 (0.119)

3.93 (0.131)

n.s.

HF (ln ms2)

6.43 (0.217)

6.01 (0.239)

n.s.

2

LF (ln ms )

6.72 (0.197)

6.21 (0.217)

n.s.

TP (ln ms2)

8.19 (0.188)

7.80 (0.206)

n.s.

LF/HF

1.52 (0.192)

1.92 (0.211)

n.s.

HFnu

0.443 (0.025)

0.455 (0.028)

n.s.

HFpf

0.291 (0.008)

0.258 (0.008)

n.s.

Note: Data are reported as Mean (standard error). Epochs indicated the average
number of 3-min windows being analyzed in each sleep stage. Asterisks indicate
significant differences between age groups corrected by Tukey's method. (n.s.no significant: p > .08; †p < .08; *p < .05; **p < .01; ***p < .001).

random effects and Stage as a fixed effect (Young adult model:
prenap-resting, N2, N3, REM, WASO; Older adults model:
prenap-resting, N2, N3, WASO) for each HRV variable. Next,
to examine the age-related changes in ANS profiles, we built
an LME model using Participant as crossed random effects
and Stage (prenap-resting, N2, N3, WASO) and Age (Young,
Older) as fixed effects. We first built a reduced (nested) model,
with Stage (prenap-resting, N2, N3, WASO) as the only fixed
effect, and then included Age (Young, Older) as a fixed effect
in the full model. Like for the wake analyses, comparing the
reduced and full model using the Likelihood Ratio Test (Lewis
et al., 2011), we are able to interpret if adding the factor Age
significantly improved the model. Tukey's correction for multiple testing was used for post hoc comparisons.
To examine the differences in demographics, sleep architecture, and power spectrum between the two age groups,
an independent-sample t-test (for continuous variables) and
chi-squared independent test (for categorical variables) was
performed for each variable and the results are shown in
Tables 1, 2, and 5, respectively. Pearson correlation coefficients were used to examine the bivariate relationship between HRV variables of interests and sleep parameters.

3
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RESULTS

3.1 | Demographic, sleep architecture, and
power spectrum data
As reported in Table 1, there were significant differences
between young versus older adults in Age, Ethnicity, caffeine, and alcohol intake, ESS, BMI, and habitual bedtime/
waketime, while no differences in nap frequency or duration. Older adults reported an earlier bedtime and wake time,

|   

Notes: Data are reported as Mean (standard error). Asterisks indicate significant differences between age groups (n.s.- no significant: p > .08; †p < .08; *p < .05; **p < .01;***p < .001).

n.s.

n.s.

0.037 (0.0035)

0.009 (0.0013)

0.065 (0.0074)

0.029 (0.0023)

0.042 (0.0048)

n.s.

***

0.018 (0.0017)
*

***
0.046 (0.0035)

0.039 (0.0022)
0.032 (0.0021)

0.026 (0.0033)
†

**
0.042 (0.0027)
0.030 (0.0026)

0.082 (0.0085)

Fast sigma (12−15 Hz)

Beta (15−30 Hz)

0.104 (0.0086)

0.018 (0.0012)

0.017 (0.0018)

n.s.

n.s.
0.189 (0.0170)

0.049 (0.0084)

0.167 (0.0111)

0.059 (0.0054)

**

n.s.

0.091 (0.0043)

0.111 (0.0059)

†

**
0.161 (0.0062)

0.050 (0.0042)
0.039 (0.0040)

0.134 (0.0058)
***

n.s.
0.073 (0.0063)

0.063 (0.0079)

0.063 (0.0062)

Alpha (8–13 Hz)

Slow sigma (9−11 Hz)

0.138 (0.0081)

0.020 (0.0021)

0.024 (0.0029)

0.102 (0.0146)
0.110 (0.0095)
n.s.
0.144 (0.0105)
0.104 (0.0103)
Theta (4–7.99 Hz)

**

0.079 (0.0072)

0.102 (0.0076)

*

0.043 (0.0034)

0.048 (0.0046)

n.s.

n.s.
0.625 (0.0273)
0.667 (0.0178)
**
0.815 (0.0099)
0.845 (0.0072)
***
0.670 (0.0144)
0.743 (0.0136)
***
0.736 (0.0201)
Delta (0.5–3.99 Hz)

0.593 (0.0205)

Young (53)
Young (59)
Young (48)
Age group (N)

Older (46)
WASO

Sig

N2

Older (45)

Sig

N3

REM

Older (7)
Young (29)
Sig
Older (21)

Sig
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Stage

Summary of EEG power ratio across sleep stages for the nap group
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8 of 17

higher caffeine and alcohol intake, and BMI, as well as lower
daytime sleepiness, compared to the young adults.
Furthermore, older adults demonstrated poorer sleep
quality during the nap, with significantly less total sleep
time and N3 sleep duration. Older adults also presented
lower sleep efficiency, more time in N1 sleep, and more
wake after sleep onset (WASO) than the younger adults (see
Table 2).
In addition, older adults showed lower SWA power ratio
during WASO and NREM sleep, compared to the younger
adults (see Table 5 for other frequency bands).

3.2 | Comparing cardiac profiles
during QW and prenap rest: Young versus
older adults
Means and standard errors for the HRV variables during QW
are provided in Table 4.
We examined the autonomic profile between a QW
episode and prenap rest for older and younger adults. For
RR, we report no significant main effect of Stage (F(1,185)
= 2.8112, p = .0953), Age (F(1,185) = 0.0114, p = .9151),
or interaction (F(1,185) = 0.0428, p = .8364). The likelihood
ratio test was not significant (LR = 0.0271; p = .9733), suggesting that adding the factor Age did not significantly improved the model.
For the time-domain measure, RMSSDln showed no significant Age effect (F(1,185) = 1.2418, p = .2666), Stage effect
(F(1,185) = 2.1883, p = .1408), or interaction effect (F(1,185) =
0.0670, p = .7961). The likelihood ratio test was not significant (LR = 0.6544; p = .5210), suggesting that adding the
factor Age did not significantly improved the model. Again,
we did not detect age differences in this variable between QW
and prenap rest.
For frequency-domain variables, our analysis revealed no
significant main effect of Stage (F(1,185) = 0.4507, p = .5028),
Age (F(1,185) = 2.5930, p = .1090), or interaction (F(1,185) =
0.1611, p = .6886) for TPln. Similarly, no significant main
effect of Stage (F(1,185) = 2.4654, p = .1181), Age (F(1,185) =
3.6948, p = .0561, or interaction (F(1,185) = 0.0003, p = .9857)
were found for HFln. Again, for LFln, no significant main effect of Stage (F(1,185) = 0.0135, p = .9078), Age (F(1,185) =
3.7253, p = .0551, or interaction (F(1,185) = 0.0051, p = .9434)
were found. None of the likelihood ratio tests were significant
(TPln: LR = 1.3771; p = .2549; HFln: LR = 1.8476; p = .1605;
LFln: LR = 1.8652; p = .1578), suggesting that adding the
factor Age did not improve these models. These results suggested that young and older subjects show similar autonomic
profiles in a standard waking HRV condition and a prenap
rest condition. However, for LF/HF ratio, our analysis revealed a Stage effect (F(1,185) = 5.2704, p = .0228), with QW
showing a higher ratio than prenap resting. No significant
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Age effect (F(1,185) = 3.0999, p = .0800) or interaction effect
were found (F(1,185) = 0.1010, p = .7510). Similar patterns
were shown in HFnu, with a Stage effect (F(1,185) = 8.1255, p
= .0049) where subjects showed higher HFnu during prenap
resting compared to QW. No significant Age effect (F(1,185) =
0.0027, p = .9588) or interaction effect were found (F(1,185)
= 0.2267, p = .6346). Again, the likelihood ratio test was not
significant for either of these dependent measures (LF/HF ration: LR = 1.6005; p = .2046; HFnu: LR = 0.1147; p = .8917),
suggesting that adding the factor Age did not improved these
models. This suggests that the relative proportion of vagally
mediated HF activity is slightly higher directly before a nap
compared to a QW period for both older and younger adults.
In summary, by comparing the models, we found that
adding the factor of Age did not improve the models of any
wake HRV variables, suggesting no evidence of age-related
changes in ANS activity during wake using both the standard
QW condition and prenap rest.

3.3 | Cardiac autonomic profiles during a
nap in young adults
Next, we compared prenap rest, sleep stages (N2, N3, REM)
and wake after sleep onset (WASO) in younger subjects.
Means and standard errors for the HRV variables across sleep
stages are provided in Table 3.
For RR, we report a significant effect for Stage (F(4,150)
= 13.9887, p < .0001; Figure 1a), with Tukey's post hoc
revealing a significant lengthening of RR intervals during
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N2 and N3 relative to Rest (N2: p = .0015; N3: p = .0096),
WASO (all ps < .0001), and REM sleep (all ps < .0001), but
no differences between N2 and N3 (p = .9995), nor between
REM and Rest (p = .0851) or WASO (p = .9397). First, for
TPln we showed a significant Stage effect (F(4,150) = 9.773,
p < .0001; Figure 1e), with Tukey's post hoc showing lower
power during N3 relative to Rest (p < .0001), WASO (p <
.0001), REM sleep (p = .0006), and N2 sleep (p = .0036).
This was primarily due to reductions in LF power (F(4,150) =
12.320, p < .0001; Figure 1d), with lower LF power emerging during N3 relative to Rest (p < .0001), WASO (p <
.0001), N2 (p < .0001), and REM sleep (p < .0001), but
no shifts in HFln (F(4,150) = 1.1838, p = .3203; Figure 1c)
across sleep stages. These patterns were also clear when
examining both the LF/HF ratio (F(4,150) = 10.0353, p <
.0001; Figure 1f) and HFnu (F(4,150) = 23.1608, p < .0001;
Figure 1g), with Tukey's post hoc tests revealing significantly lower LF/HF ratio during N3 relative to Rest (p =
.0010), WASO (p < .0001), REM sleep (p = .0021), and
N2 sleep (p = .0243) and significantly greater HFnu during
N3 relative to Rest, WASO, REM, and N2 sleep (all ps <
.0001). HFnu was also greater during N2 relative to Rest,
WASO, and REM (p = .0020). For the time-domain variable, no differences were found in RMSSD (F(4,150) = 0.968,
p = .4272; Figure 1b) across stages. Taken together, these
results confirm previous studies demonstrating that among
younger adults, as the brain shifts from wake to deeper
stages of NREM sleep, the body undergoes marked changes
with heart rate deceleration and a transition to parasympathetic dominance in ANS activity.

F I G U R E 1 (a–g) Heart rate variability (HRV) components across sleep stages in younger (solid blue line) and older (dashed darkened blue
line) adults in the NAP group. (a) Mean of RR intervals (ms); (b) RMSSD (ln); (c) HF HRV (ln); (d) LF HRV (ln); (e) Total Power (f) LF/HF Ratio
(g) HFnu. Error bars represent standard error of the mean. Note that the QW and Rest analysis is a between subjects’ comparison
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3.4 | Cardiac autonomic profiles during a
nap in older adults
Next, we compared prenap rest, sleep stages (N2, N3, REM)
and wake after sleep onset (WASO) in older subjects. For
older adults, RR showed a significant effect for Stage (F(3, 82)
= 7.5560, p < .0001; Figure 1a), with Tukey's post hoc showing a significant reduction of RR intervals during WASO
relative to Rest (p = .0025). But, no differences emerged
across the sleep stages. For frequency domain indicators, we
showed a significant TPln Stage effect (F(3, 82) = 4.8486, p =
.0037; Figure 1e) with significantly lower power during N3
(p = .0050) and N2 (p = .0364) relative to Rest. Similar to
the younger cohort, this was primarily due to reductions in
LF power (LFln; F(3, 82) = 2.8704, p = .0413; Figure 1d), with
significantly lower LF power during N3 relative to Rest (p
= .0260), but no shifts in HFln (F(3, 82) = 1.4464, p = .2353;
Figure 1c) across sleep stages. Unlike the youngers, sleep
modulations were not shown in the LF/HF ratio Stage effect
(F(3, 82) = 1.3850, p = .2532; Figure 1f) or HFnu (F(3, 82) =
2.5453, p = .0617; Figure 1g). Additionally, for the timedomain variable, no significant differences were found for
RMSSDln (F(3, 82) = 2.2311, p = .0907; Figure 1b) across
stages.
Overall, these results implicate a similar pattern in ANS
total and LF power across a nap for older and younger adults,
whereas we found no evident sleep modulations in HFnu and
LF/HF ratio among our older subjects.

3.5 | Comparing cardiac profiles during
nap: Young versus older adults
We utilized linear mixed-model analysis to directly compare
profiles across older and younger adults. For RR intervals
(Figure 1a), a Stage effect (F(3,212) = 14.901, p < .0001), and
an Age x Stage interaction emerged (F(3,212) = 5.477, p =
.0012). Young adults demonstrated a significant lengthening
in RR during N2 and N3 relative to Rest (N2: p = .0001; N3:
p = .0015) and WASO (all ps < .0001). For older adults,
no sleep-dependent shifts were present (all ps > .1275),
however, we found reduced RR during WASO compared
Rest (p = .0062). The likelihood ratio test was significant
(LR = 17.3995; p = .0016), suggesting that adding the factor
Age significantly improved the model.
For frequency-domain variables, we observed main effects of Age for TPln (F(1,105) = 7.215, p = .0084; Figure 1e),
with the older adults displaying significantly lower total
power overall. Furthermore, a main effect of Stage was found
for TPln (F(3,212) = 12.302, p < .0001; Figure 1e), with significantly lower total power during N3, compared to Rest (p
< .0001), WASO (p < .0001), and N2 (p = .0205), as well as
significantly lower total power during N2, compared to Rest
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(p = .0083) and WASO (p = .0468). No significant main effect of Stage was found (F(3,212) = 1.6810, p = .1720). No significant Age × Stage interaction was found (F(3,212) = 1.808,
p = .1467) for TPln. The likelihood ratio test was significant
(LR = 12.5808; p = .0135), suggesting that adding the factor
Age improved the model.
These shifts in total power were complemented by a significant Age effect for HFln (F(1,105) = 8.3446, p = .0047;
Figure 1c) and LFln (F(1,105) = 7.329, p = .0079; Figure 1d),
with the older adults showing significantly lower HF and
LF power, compared to the younger cohort. In addition, for
LFln, a main effect of Stage was found (F(3,212) = 12.283,
p < .0001), with significantly lower LF power during N3,
compared to Rest (p < .0001), WASO (p < .0001), and N2
(p = .0006). No significant main effect of Stage was found
for HFln (F(3,212) = 0.7454, p = .5261). No significant Age
x Stage interaction was found for HFln (F(3,212) = 2.3701, p
= .0716) or LFln (F(3,212) = 0.654, p = .5815). However, the
likelihood ratio test was significant for HFln (LR = 15.2829;
p = .0041) but not for LFln (LR = 9.2153; p = .0559), suggesting that adding the factor Age significantly improved the
explained variation in HFln but not LFln.
The LF/HF ratio showed a Stage effect (F(3,212) = 9.6908,
p < .0001; Figure 1f), with significantly lower LF/HF ratio
during N3, compared to Rest (p = .0002), WASO (p = .0003),
and N2 (p = .0086). No significant Age effect was shown
(F(1,105) = 2.9395, p = .0894). No significant Age x Stage interaction was found (F(3,212) = 1.7531, p = .1572) for LF/HF
ratio. In addition, the likelihood ratio test was not significant
(LR = 8.2874; p = .0816), suggesting that adding the factor
Age did not improve the model.
For HFnu, a significant effect of Stage (F(3,212) = 23.4128, p
< .0001; Figure 1g), with significantly greater HFnu during N3,
compared to Rest, WASO, and N2 (all ps < .0001). No significant Age effect was shown (F(1,105) = 2.3738, p = .1264). Here,
an Age × Stage interaction was apparent (F(3,212) = 3.0343, p =
.0302), with young adults expressing significantly greater HFnu
during N2 (p = .0216) and N3 (p = .0158) but not the rest of
stages, compared to older adults. The likelihood ratio test was
significant (LR = 11.5583; p = .021), suggesting that adding
the factor Age improved the model.
For the time-domain measure RMSSD, we also observed
an Age effect (F(1,105) = 4.330, p = .0399; Figure 1b), with
older adults showing lower HRV than the youngers overall.
Furthermore, an Age x Stage interaction for RMSSDln were
found (F(3,212) = 2.872, p = .0373; Figure 1c), with older
adults showing significantly lower vagally mediated HRV
during N2 sleep (p = .0083) and N3 (p = .0084), compared to
the younger cohort. The likelihood ratio test was significant
(LR = 12.9717; p = .0114), suggesting that adding the factor
Age significantly improved the model.
In summary, by comparing the LME models, the current study showed that adding the factor of Age improved
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the models of RR intervals, RMSSDln, HFln, TPln, HFnu. In
particular, older adults demonstrated overall decreases in
TPln, HFln, LFln, compared to the youngers. The Age × Stage
interactions were found in HFnu and RMSSDln, with young
adults expressing significantly greater vagal activity during
NREM sleep, but not during WASO or prenap rest, compared
to the older cohort. Taken together, these findings suggest
an age-related decline with significantly less parasympathetic
dominance during a daytime nap in older adults, compared
with youngers.

3.6 | Relationship between HRV
variables and sleep parameters
Next, given the parallel declines in parasympathetic activity,
sleep architecture, and SWA ratio, we further investigate if
the age-related differences in HRV variables might be driven
by SWA ratio or sleep architecture (TST, SOL, WASO, SE,
Minutes in each sleep stage). We examined the correlation
between parasympathetic activity (RMSSDln, HFln, HFnu)
and those sleep parameters. We found no significant correlation between HRV variables and SWA during N2 (Young:
all ps > .6972; Older: all ps > .7329), N3 (Young: all ps
> .0843; Older: all ps > .2326), or WASO (Young: all ps
> .1643; Older: all ps > .0843). Furthermore, no significant correlation between HRV variables and sleep architecture: total sleep time (Young: all ps > .2826; Older: all ps
> .1352), sleep efficiency (Young: all ps > .4732; Older:
all ps > .3271), N1 sleep duration (Young: all ps > .1203;
Older: all ps > .3271), N2 sleep duration (Young: all ps >
.1175; Older: all ps > .3740), N3 sleep duration (Young: all
ps > .1105; Older: all ps > .0793), WASO (Young: all ps >
.0697; Older: all ps > .1892). Taken together, these results
suggested that the dampened parasympathetic activity during
NREM sleep are neither associated nor explained simply by
differences in sleep architecture or reductions in EEG activity during the nap.

4
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D IS C U SSION

Heart rate variability reflects an individual's ability to adapt
to moment-to-moment changes in the environment (Thayer
& Lane, 2009). In the current study, we aimed to assess the
cardiac autonomic activity during a daytime nap in healthy
young and older adults. There is compelling evidence for
a strong link between the decline in cardiac autonomic
activity during wake and both cognitive and health outcomes, as well as links between reduced HRV and age-related decreases in physiological functioning. However, the
modulation of cardiac ANS activity in this population specifically during a daytime nap, compared with quiet wake, is
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under-investigated. Here, in agreement with our hypotheses,
our young subjects showed parasympathetic dominance during NREM sleep compared to prenap resting. In addition,
the current study showed that older adults exhibited a reduced autonomic variability, or cardiac autonomic rigidity,
during NREM sleep, compared to the younger cohort. Last,
no age-related modulations were evident during wake, suggesting a sleep-specific reduction in parasympathetic activity in older adults.

4.1 | A nap is a mini-cardiovascular break
in young adults
In the current work, the cardiac autonomic pattern across
daytime sleep in young adults was consistent with the prior
literature. Indeed, similar to our results, lengthening of RR
intervals has been observed during N2 and N3 compared to
Rest, WASO, and REM sleep in studies examining nocturnal sleep (de Zambotti et al., 2014; Trinder et al., 2001), as
well as a daytime nap (Cellini et al., 2016) among healthy
young adults. Regarding parasympathetic/vagal activity specifically, it is been previously reported that vagal activity
rises at sleep onset and remains elevated across the whole
sleep period, with higher vagal modulation during N2 and
N3 than REM sleep and waking (Nocturnal Sleep: Ako
et al., 2003; de Zambotti et al., 2014; Trinder et al., 2001;
Nap: Cellini et al., 2016), suggesting vagal dominance during
NREM sleep stages. Similar to previous findings, we found
that HFnu was significantly increased during N3 compared
to Rest, WASO, N2, and REM, and during N2 compared to
Rest, WASO, and REM. These studies suggested that, similar to nighttime sleep, a daytime nap demonstrates the dominance of vagally mediated activity during NREM sleep, in
particular during N3.
Indeed, this autonomic shift was also reflected in the LF/
HF ratio, which was also at its lowest during N3. A similar pattern was reported, with LF/HF ratio reduced in N3
compared to N2, presleep wakefulness, and REM sleep
(Nocturnal Sleep: Ako et al., 2003; Nap: Cellini et al., 2016).
We also observed a strong decrease in TP during N3 mainly
due to the significant decrease in LFln power during this sleep
stage (HFln was not significantly reduced in N3), similar to
previous studies examining nocturnal sleep (de Zambotti
et al., 2014) and nap (Cellini et al., 2016). These data suggest
discrete fluctuations in LFln power and overall dominance of
vagal activity during N3 sleep in a daytime nap, which mirror
nighttime sleep HRV profiles (Whitehurst et al., 2018). Note
that, since the mechanism underlying LFln is still debated
(Billman, 2013; Reyes del Paso et al., 2013), strong inferences about the physiological mechanisms that contribute to
changes in LF and LF/HF ratio are difficult to make for these
parameters, but we report them for descriptive purposes.
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Taken together, these findings are consistent with previous reports on the cardiac autonomic profile during nocturnal sleep and daytime nap in young adults (Ako et al., 2003;
Cellini et al., 2016; de Zambotti et al., 2014; Trinder
et al., 2001). Collectively, these studies demonstrate an overall reduction in cardiovascular output and dominance of
parasympathetic/vagal activity during NREM sleep (Busek
et al., 2005), which has been associated with significant
benefits for the cardiovascular system (Trinder et al., 2012).
Considering that the most common reason for napping in
healthy young adults seems to be for restorative purposes
(Duggan et al., 2018), these data suggest that daytime naps
may provide a compensatory protective window for the cardiovascular system (Naska et al., 2007) and serve as a “mini
cardiovascular break” that might potentially benefit psychological and physiological health.

4.2 | Reduced mini-cardiovascular break in
older adults’ naps
Autonomic imbalance, indexed by low HF HRV and elevated
sympathetic activity, is associated with various pathological conditions, such as cardiovascular disease, diabetes, and
Alzheimer's disease. Given the parasympathetic dominance
during sleep, nighttime sleep has been described as a “cardiovascular holiday” (Trinder et al., 2012). However, in our
older subjects, the expected cardiovascular break was severely dampened, which builds upon previous findings examining nocturnal sleep (Brandenberger et al., 2003; Crasset
et al., 2001). We first demonstrated no age differences between two waking conditions: a standard measure of quiet
wake in which subjects lie in bed not intending to sleep, and
a prenap rest condition more typical of sleep studies. These
data are important for comparing across studies but also show
that older adults show the same parasympathetic profile during wake as younger adults.
Our examination of autonomic profiles across prenap rest,
wake after sleep onset, and sleep stages revealed that older
adults may not confer the same restorative benefits from a
nap as younger adults. We reported a drop in absolute HRV
indices during NREM sleep specifically, in older subjects,
compared with young subjects, with shorter RR intervals,
lower TPln, lower vagally mediated HRV (reflected by
RMSSDln, HFln, and HFnu). The decreased vagally mediated
HRV in aging reveals a tendency for a relative increase in
vagal withdrawal and a predominant loss of parasympathetic
activity, which may be related to the increased number of
awakenings during the nap and lower duration of N3 in this
age group (see Table 1). Whether the impaired autonomic balance causes the N3 decrease, or whether the decrease in N3 is
simply reflected in vagally mediated HRV, is not yet known.
Overall, the current findings are in alignment with previous
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studies comparing younger versus older adult HRV during
nocturnal sleep (Brandenberger et al., 2003). Although the
total power dropped drastically from Rest to N2 and N3 in
our elderly subjects, the relative increase in parasympathetic
activity during N3 (reflected by HFnu) suggested that the elderly might still have cardiovascular benefits from napping;
however, nap might not as restorative as their younger counterparts. Noteworthy, the age-related decrease in vagally mediated HRV was only shown in the nap but not in either wake
conditions, suggesting a differential loss in ANS activity
that is sleep-specific among older subjects compared to the
youngers. Such loss of sleep-associated HRV in older adults
might reflect a reduced vagal cardiac control. Typically, the
vagus nerve reduces the heart rate and enhances parasympathetic tone during NREM sleep via the vagal break sending
a negative feedback loop to our CNS control center. With
aging, both structural and functional changes occur in the arterial tree, with aortic wall thickening, increased arterial stiffness, and reduced artery compliance. As such, vagal break
became less effective and not able to reach the cardiovascular
break during naps. Here we show that among those who do
not have waking HRV declines yet, they already showed a
nap HRV decline. Therefore, it is possible that the decline in
vagal cardiac control reflects on napping HRV first because
it requires larger modulation and greater arterial elasticity,
and then the vagal break gradually becomes more rigid such
that HRV during wake cannot keep up with the young adults.
Taken together, HRV during naps, but not quiet wake, might
be a novel biomarker or target of intervention for cardiovascular health.
Although there is now substantial evidence that low HRV
values during wake are associated with increased mortality
risk in the elderly (Tsuji et al., 1994), it is not known if a
drop in HRV indices during NREM sleep would be an additional risk factor for adverse cardiac events. Future studies on
sleep interventions are needed to better elucidate the relationship between the dynamic, bidirectional association between
sleep and the autonomic system. Intriguingly, a recent study
showed that the acoustic enhancement of SWA increased
parasympathetic activity (measured by HFnu) in healthy
young adults during nocturnal sleep (Grimaldi et al., 2019).
Given that our data provide further evidence of parasympathetic loss during NREM sleep in aging, a variety of sleep intervention techniques (i.e., acoustic stimulation, noninvasive
brain stimulation (NIBS) techniques) could potentially be utilized to consolidate N3 and enhance cardiovascular benefits
or cognition in older populations. Furthermore, a number of
studies have shown that physical training increases HRV in
older subjects (Raffin et al., 2019). It can then be suggested
that regular exercise might benefit the autonomic imbalance
in the elderly and would restore the association between HRV
and NREM sleep. Taken together, these findings have implications for translational medicine and suggest that aging can
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represent a potentially informative model to investigate the
complex interaction between autonomic activity, sleep, and
health.

4.3

|

Limitations

The present study is not without limitations. First, our sample was a convenience sample of both men and women, and
uncontrolled variations in hormonal status among young
women can have an impact on cardiac vagal activity (see
Schmalenberger et al., 2019 for a review). Although time-domain measures (i.e., RMSSD) tend to be more stable across
the menstrual cycle, frequency-domain measures of HRV
may be susceptible to hormonal fluctuation (Sato et al., 1995;
Yazar & Yazıcı, 2016). Future studies controlling for hormonal fluctuation will be needed to confirm the age-related
changes in ANS profiles during naps. As a second limitation, no standardized diagnostic assessment of psychiatric
disorder or chronic medical disease was performed to confirm the self-reported screening surveys. Third, older subjects showed higher BMI, higher caffeine, and alcohol intake
than the younger cohorts. Although none of our participants
reported a clinically significant medical condition or substance dependence, a subtle impact of obesity, caffeine, and
alcohol on HRV cannot be excluded. Furthermore, older subjects expressed fragmented sleep architecture compared to
the youngers, with lower sleep efficiency, greater wake after
sleep onset, less duration of SWS, and lower power in the
slow oscillation, delta, and fast sigma bands during NREM
sleep. However, we found no significant correlation between
HRV variables and sleep parameters during any sleep stages.
Additionally, we cannot rule out that there are individual differences in circadian cycling and the midday nap times that
we chose for both older and younger adults likely aligned
with different phases in an individual's natural circadian cycling. This may have influenced our results as the circadian
system is known to impact on HRV. In addition, we also
analyzed the frequency peak of HF (HFfp) in order to control for respiratory rate, which can affect the HRV (Song &
Lehrer, 2003). HFfp showed no difference between the two
age groups and varied within a narrow range in the HF spectrum, between 0.23 and 0.29 Hz, with the greatest difference
of about 3 breaths per minute. Thus, the respiratory activity
does not seem to play a key role in the age-related differences
of HRV modulation. However, we cannot completely exclude that our younger and older subjects have no alteration
in the cardiopulmonary coupling, as may be detected using
measures of coherence (Thomas et al., 2005). Furthermore,
standard practice for HRV analyses (Task Force, 1996) requires the assessment of HRV over a 5-min period of a consistent sleep stage (longer than 3-min in the current study).
However, due to a large amount of sleep transitions present
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in a daytime nap, especially in older adults, this method decreased the number of available subjects and may have biased
the sample toward less fragmented sleepers. Notably, several
studies have presented data with shorter epoch windows
and demonstrated robust results (Shaffer & Ginsberg, 2017;
Whitehurst et al., 2018). Nevertheless, we cannot exclude the
impact of shorter windows on measures of HRV modulation.
Last, although the 3-min windows and the 1.5-min preceding and succeeding were free from arousals that are longer than 10 s, micro-arousals shorter than our 10 s-window
could have been accompanied with bursts of sympathetic
inputs and/or reduced vagal tone, which may have impacted
some bins in any given sleep stage and biased the overall
average. Indeed, previous studies have found that cortical
arousals during NREM sleep were accompanied by muscle
sympathetic nerve activity, heart rate increases, and increases
in all spectral indexes of LF cardiovascular variability (Blasi
et al., 2003). Additionally, REM sleep is defined by an erratic
breathing pattern as well as quick, fluctuations in heart rate
and blood pressure that are elicited by highly variable excitatory inputs to sympathetic neurons in the brainstem. This
increase in phasic sympathetic activity during REM is one
reason arousals are more prominent during this stage. This
may have contributed to participants’ inability to sustain
REM sleep in the current study. Given our large discrepancy
in REM sleep retention between older and younger samples,
increased sympathetic tone (or reduced vagal tone) throughout sleep may also be one pathway resulting in restless, unconsolidated sleep in older adults. Again, binned analyses
may be a major limitation to assessing HRV, especially in
older samples. Future studies developing intervention methods that enhance vagal control among older adults are needed.

4.4

|

Conclusions

The current study is the first, to our knowledge, to compare
ANS profiles between young versus older adults during
a daytime nap and a period of quiet resting. This is clinically relevant, given that nap frequency increases with age
and that changes in HRV are associated with cardiovascular
mortality. In summary, an increase in vagal withdrawal and a
predominant loss of parasympathetic activity during NREM
sleep in a daytime nap were found in our older subjects, compared to the youngers, while not such age-related changes in
autonomic profiles were found during quiet wake.
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