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Figure 3. Spectral power during ON/OFF intervals and NREM sleep. The gure shows log-transformed average spectral power in different frequency bands. The analysis
was conducted on the average spectral power in ON and OFF intervals normalized to the total power for each frequency band. (A) Spectral power in the SWA, theta,
alpha, and sigma bands increased during STIM in ON vs OFF intervals, compared with SHAM. (B) Spectral power during NREM across the entire sleep period was similar
between STIM and SHAM nights. Asterisks indicate p < 0.05 (Wilcoxon signed-rank test) following Bonferroni adjustment for multiple comparisons. Error bars represent

standard error of the mean.
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Figure 4. Changes in SWA during ON, OFF, and ON/OFF intervals through the cycles of sleep. The amount of SWA (Fpz, 0.5 4 Hz) in ON and OFF intervals during each
cycle was calculated and normalized to the amount of SWA in all intervals (ON and OFF for entire night). (A) In ON intervals, the amount of SWA was higher during
STIM compared with SHAM, mainly evident in cycle 2 and 4. (B) In OFF intervals, the amount of SWA was reduced in STIM compared with SHAM mainly during the
rst cycle of sleep. (C) Change in SWA between ON/OFF intervals was signi cantly higher during STIM compared to SHAM from the rst until the fourth cycle of sleep.
Asterisks indicate p < 0.05 (Wilcoxon signed-rank test) following Bonferroni adjustment for multiple comparisons. Error bars represents standard error of the mean.

0.012, respectively after Bonferroni adjustment). During OFF
intervals (Figure 4B), SWA was lower in STIM compared with
SHAM (condition: p = 0.0001, cycle: p < 0.0001, condition x
cycle interaction: p = 0.25) but a signi cant reduction was only
achieved during the rst sleep cycle after adjusting for multiple
comparisons (p = 0.02).

As a result of changes in ON and OFF intervals, the ratio
of SWA during ON compared to OFF intervals (Figure 4C) was
signi cantly higher from the rst to the fourth cycle of sleep
during acoustic stimulation compared with SHAM (condition:
p < 0.0001, cycle: p = 0.30, condition x cycle interaction: p = 0.02).
Since two subjects in the STIM condition and two subjects in
the SHAM condition had only four cycles of sleep, the reduced
number of observations in cycle 5 likely contributed to the lack
of signi cance despite the similar magnitude in SWA change.

When looking at the entire amount of SWA across the cycles
of sleep, there was no difference between STIM and SHAM,
suggesting that acoustic stimulation did not alter the overall
temporal pattern of SWA dissipation (condition: p = 0.79, cycle:
p < 0.0001, condition x cycle interaction: p = 0.38). Average cycle

duration was also similar between STIM and SHAM (condition x
cycle interaction: p = 0.81).

When examining the changes in the higher frequency bands
an increase in theta, alpha, and sigma activity in ON versus OFF
intervals was also present during the STIM night (Figure 3A).
Changes in theta, alpha, sigma, and beta power bands across
the cycles of sleep are shown in Supplementary Figure S2.

Heart rate variability during sleep

As shown in Figure 5, frequency-domain analyses showed the
expected increase in parasympathetic activity during SWS,
indexed by HRV HF relative power (HF%), compared with baseline.

Further, HF% was signi cantly higher for STIM versus SHAM
during cycles 2 and 3 (p < 0.01), but not in cycle 1 (condition:
p =0.004, cycle: p <0.0001, condition x cycle interaction: p = 0.40).
A concomitant reduction in LF relative power (data not shown)
was observed during acoustic stimulation in cycles 2 and 3 of
sleep compared with SHAM (condition: p = 0.019, cycle: p = 0.010,
condition x cycle interaction: p = 0.29), signi cant only in cycle
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3 (p = 0.02). There was no difference in LF:HF between STIM and
SHAM (condition: p = 0.113, cycle: p = 0.0002, condition x cycle
interaction: p = 0.403, data not shown). The changes in HR and
RMSSD during the rst three cycles of SWS, were similar in STIM
and SHAM conditions (HR: condition: p = 0.69; cycle: p = 0.007,
condition x cycle interaction: p = 0.83; RMSSD: condition:
p = 0.90, cycle: p = 0.05, condition x cycle interaction: p = 0.91).

HR and RMSSD changes during the three cycles of REM
sleep were similar in STIM and SHAM (HR: condition: p = 0.78,
cycle: p = 0.55, condition x cycle interaction: p = 0.41, RMSSD:
condition: p = 0.39, cycle p = 0.25, condition x cycle interaction:
p = 0.63). Similarly, frequency-domain indices of HRV were also
comparable during STIM and SHAM (HF%: condition: p = 0.99,
cycle: p=0.02, condition x cycle interaction: p = 0.78; LF%: group:
p =0.99, cycle: p < 0.001, group x cycle: p = 0.65; LF:HF: condition:
p = 0.80, cycle: p = 0.001, condition x cycle interaction: p = 0.68).

Respiratory rate across the three cycles of sleep was
comparable in STIM and SHAM during SWS (condition: p = 0.93;
cycle: p = 0.18, condition x cycle interaction: p = 0.82) and REM
(condition: p = 0.46; cycle: p = 0.19, condition x cycle interaction
p = 0.54).
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Figure 5. HRV high-frequency relative power (HF%) in the evening assessment
before sleep (presleep) and during SWS in the rst three cycles of sleep where
~80% of acoustic stimulation occurred. HF% in the presleep assessment was
similar in STIM and SHAM. During sleep, HF% was signi cantly higher during
cycles 2 and 3 in the STIM night. One subject was excluded from HRV analysis
due to the presence of sinus arrhythmia. Asterisks indicate p <0.05 (Wilcoxon
signed-rank test) following Bonferroni adjustment for multiple comparisons.
Error bars represents standard error of the mean.

Table 2. Heart rate and HRV measures before sleep in STIM and SHAM

Grimaldietal. | 7

Heart rate variability before sleep and after morning
awakening

HR, time- and frequency-domain indices of HRV, and respiratory
frequency were similar in STIM and SHAM condition before
sleep (Table 2). The evening-to-morning changes in HR and HRV
were also similar in STIM and SHAM, as were the changes from
supine to standing (Table 3). Only in the STIM condition, however,
the SWA increase in ON versus OFF intervals was signi cantly
correlated with a reduction in the evening-to-morning change
of LF:HF values (Figure 6A; R = 0.60, p = 0.010, Spearman rank
correlation). Likewise, the SWA increase in the STIM condition
in ON versus OFF intervals, correlated with the reduction in the
supine-to-standing change of LF:HF values (R = 0.52, p = 0.032,
Spearman rank correlation). However, signi cant correlations
were not present with any other spectral EEG characteristics or
sleep PSG features during STIM.

We assessed whether SWA enhancement in sleep cycles 1 3
as compared with sleep cycles 4 5 was driving the observed
reduction in evening-to-morning LF:HF changes (Supplementary
Figure S3, A and B). The average SWA increase in ON versus OFF
intervals during both periods of the night was signi cantly
correlated with the evening-to-morning reduction in LF:HF
(cycles 1 3: R=-0.57, p= 0.003, cycle 4 5: R=-0.73, p < 0.0001,
Spearman rank correlations).

Blood pressure

Systolic and diastolic BP (SBP, DBP) before sleep were similar
in STIM and SHAM [SBP: STIM= 113 — 13 mmHg, SHAM = 111 —
11 mmHg, p = 0.33, t(18) = 1.0, paired t-test p = 0.33; DBP:
STIM = 66 — 7 mmHg, SHAM = 65 — 8, t(18) = 0.95, p = 0.35,
paired t-test]. The evening-to-morning SBP change (postsleep
presleep) was comparable in the two conditions [STIM = 1.5 —
11 mmHg, SHAM = 1.8 — 9, p = 0.92, t(18) = 0.09, p = 0.92,
paired t-test]. The evening-to-morning DBP change showed a
trend toward a reduction when participants received acoustic
stimulation ( 1.2 — 7 mmHg) compared with the mild increase
observed after SHAM [+3.3 —8 mmHg, t(18) = 1.89, p = 0.07, paired
t-test p = 0.07]. BP changes were not associated with any spectral
EEG characteristic or sleep PSG feature.

Plasma cortisol

Cortisol levels before lights off were similar on STIM and SHAM
nights (STIM = 3.2 - 3.5 pg/mL, SHAM = 2.6 — 2.2 pg/mL, W = 25.5,
p = 0.33, Wilcoxon signed-rank test) as was the morning increase
in cortisol (STIM = 19.6 — 5.2 pg/mL, SHAM = 19.7 — 4.4 pg/mL,

STIM (n = 19) SHAM (n = 19) P
Mean HR (bpm) 59.26 (7.22) 58.19 (6.89) 0.65
RMSSD (ms) 70.02 (33.77) 63.88 (32.46) 0.65
HF relative power (%) 39.98 (19.32) 38.01 (16.69) 0.73
LF relative power (%) 29.44 (20.00) 32.10 (21.53) 0.74
LF:HF 1.59 (2.27) 1.75 (3.64) 0.83
Respiratory frequency (Hz) 0.18 (0.04) 0.20 (0.05) 0.28

Data are mean — (SD). Pairwise comparisons were performed using Wilcoxon signed-rank test.
HR = heart rate; RMSSD = square root of the mean of the squares of the successive differences between adjacent R-R intervals; HF% = high frequency relative power
(% of total HRV power); LF% = low frequency relative power; LF:HF = low frequency to high frequency ratio.

6102 AInr $Z uo Jasn Aseiqi AjsiaAlun ulaisamyuoN Aq 9€€£80€G/9€0ZSZ/G/ZAor1sge-a)oiue/daa|s/wod dnoolwapede//:sdiy woly papeojumoq


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz036#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz036#supplementary-data

8 | SLEEP], 2019, Vol. 42, No.5

Table 3. Heart rate and HRV measures during evening-to-morning and supine-to-standing changes in STIM and SHAM

Evening-to-morning change (n = 17)

Supine-to-standing change (n = 14)

STIM SHAM P STIM SHAM P
HR (bpm) 6.6 (4.6) 6.2 (6.3) 0.83 34.3(12.1) 33.6 (3.3) 0.83
RMSSD (ms) 10.5 (20.5) 10.3 (19.14) 0.69 37.0(33.1) 42,5 (31.3) 0.57
HF% 14.8 (14.5) 10.9 (24.5) 0.78 17.5 (12.5) 18.6 (21.9) 0.78
LF% 1.3 (15.3) 3.4 (11.7) 0.75 22.4(19.1) 20.03 (17.9) 0.84
LF:HF 0.6 (1.0) 0.6 (1.2) 0.43 11.9 (11.3) 13.0 (12.1) 0.91

Data are mean — (SD). Pairwise comparisons were performed using Wilcoxon signed-rank test. Respiratory frequency during morning supine and standing test was

similar in STIM and SHAM (p > 0.05, Wilcoxon signed-rank test).

HR = heart rate; RMSSD = square root of the mean of the squares of the successive differences between adjacent R-R intervals; HF% = high frequency relative power
(% of total HRV power); LF% = low frequency relative power; LF:HF = low frequency to high frequency ratio.

A

R=-0.60
p=0.010

)
[ ]

LF:HF change
evening to morning
[

‘e
)

o

-1 T T T T |
0 20 40 60 80 100

n=17  Change in SWA (ON/OFF intervals, %)

B
25
— R=-0.56
= o =0.018
Qs p=0.
@Z 20
< & .e ®
£2 ° “ ®
(5] * .. .
= °
o & 15 Tt
2 o LR
56 >
S E 10 e el
T o .
8
Ew
SE 5 o
&g
)
0 . : . . :
0 20 40 60 80 100

n=18  Change in SWA (ON/OFF intervals, %)

Figure 6. Nonparametric correlations between percent change in SWA in ON/OFF intervals and evening-to-morning change in LF:HF and cortisol during acoustic
stimulation. Evening-to-morning changes were calculated as postsleep presleep. (A) A larger reduction in evening-to-morning change of LF:HF was signi cantly
associated with an increase in SWA in the STIM night during ON versus OFF intervals. (B) A signi cant association was present between the increase in SWA during ON
versus OFF intervals and the reduction in evening-to-morning rise in cortisol plasma levels.

W =12, p=0.64, Wilcoxon signed-rank test p = 0.74). The evening-
to-morning change of cortisol was also similar across the two
conditions (STIM = +16.4 — 5.2 pg/mL, SHAM = +15.1 — 6.6 pg/mL,
W = 23, p = 0.33, Wilcoxon signed-rank test).

Although there was no difference in overall amount
of cortisol between STIM and SHAM, the increase in SWA
during ON versus OFF intervals signi cantly correlated with a
reduction in the evening-to-morning increase in cortisol levels
in the STIM condition (Figure 6B, R = 0.57, p = 0.018, Spearman
rank correlation). This association was not present in SHAM
(R = 0.32, p = 0.21, Spearman rank correlation). There were
no associations between cortisol levels and other spectral EEG
characteristics or sleep PSG parameters.

Additionally, we examined the correlation between SWA
increase in ON versus OFF intervals in sleep cycles 1 3 and
4 5 with evening-to-morning cortisol changes (Supplementary
Figure S3, C and D). Using the Spearman rank correlation, we
found a signi cant association with stimulation in sleep cycles
13 (R = 0.69, p=0.004) and a trend in cycles 4 5 (R = 0.43,
P =0.052).

Discussion

The present study provides novel insight into the relationships
between sleep, particularly sleep slow-waves, and autonomic
function. Enhancement of SWA using acoustic stimulation
resulted in higher parasympathetic activity during SWS,
identi ed by an increase in the HF power of HRV. In addition,

higher SWA was associated with a reduction in the evening-to-
morning change in autonomic measures of HRV and plasma
cortisol levels, which together indicate a decrease in sympathetic
nervous system activity. The balance between the sympathetic
and parasympathetic regulation of the ANS is an important
biomarker of physiological and pathological responses by
the cardiovascular system. Given that dysregulation between
the two branches of the ANS has been implicated in the
pathophysiology of cardio-metabolic disorders and may predict
poorer clinical outcomes [31], strengthening the interplay
between sleep and ANS regulation using acoustically induced
enhancement of SWA may have implications for improving
cardiovascular health.

The primary nding of this study is that acoustic stimulation
of sleep slow-waves resulted in a parallel increase in SWA
during the ON intervals of stimulation and parasympathetic
activity (HF of HRV). The analysis of SWA changes during ON
intervals further reveals that increase in SWA and HF power
were seen only after the rst cycle of sleep, compared with
SHAM. On average, during acoustic stimulation, HF increased
by 17% in the second sleep cycle and by 24% in the third sleep
cycle, compared with SHAM. Given that participants were young
and healthy, we hypothesize that the homeostatic drive for SWA
during the rst cycle of sleep may have reached a ceiling effect,
such that acoustic stimulation could not produce additional
enhancement.

Our results shed light on possible mechanisms whereby
acoustic stimulation can in uence brain cardiac functional
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