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Abstract

Study Objectives: Insomnia is common in older adults, and is associated with poor health, including cognitive impairment and
cardio-metabolic disease. Although the mechanisms linking insomnia with these comorbidities remain unclear, age-related changes
in sleep and autonomic nervous system (ANS) regulation might represent a shared mechanistic pathway. In this study, we assessed
the relationship between ANS activity with indices of objective and subjective sleep quality in older adults with insomnia.

Methods: Forty-three adults with chronic insomnia and 16 age-matched healthy sleeper controls were studied. Subjective sleep
quality was assessed using the Pittsburgh Sleep Quality Index (PSQI), objective sleep quality by electroencephalogram spectral
components derived from polysomnography, and ANS activity by measuring 24-h plasma cortisol and norepinephrine (NE).

Results: Sleep cycle analysis displayed lower slow oscillatory (SO: 0.5-1.25 Hz) activity in the first cycle in insomnia compared to
controls. In insomnia, 24-h cortisol levels were higher and 24-h NE levels were lower than controls. In controls, but not in insomnia,
there was a significant interaction between NE level during wake and SO activity levels across the sleep cycles, such that in controls
but not in insomnia, NE level during wake was positively associated with the amount of SO activity in the first cycle. In insomnia,
lower 24-h NE level and SO activity in the first sleep cycle were associated with poorer subjective sleep quality.

Conclusion: Dysregulation of autonomic activity may be an underlying mechanism that links objective and subjective measures of
sleep quality in older adults with insomnia, and potentially contribute to adverse health outcomes.

Statement of Significance

Insomnia is a common sleep disorder in the general population, with broad implications for overall quality of life, as well as
mental and physical health. Older adults are a population at particular risk for both insomnia and comorbid cardio-metabolic
disease and cognitive impairment, yet there is limited understanding of the mechanisms linking these associations. The findings
from this study demonstrate a relationship between dysregulation of 24-h noradrenergic activity with subjective sleep quality and
objective measures of sleep, as measured by electroencephalogram slow oscillatory activity. These results suggest that autonomic
dysregulation may play a role in the expression of subjective and objective sleep quality in insomnia of older adults, and poten-
tially help inform the development of novel therapeutic targets for insomnia.
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Introduction

Insomnia disorder is characterized by symptoms of chronic
difficulty in sleep initiation and/or maintenance, or poor sleep
quality despite an adequate opportunity to sleep, resulting in
functional impairment and distress [1]. Insomnia can also have
adverse effects on physical health, including impaired cognitive
function [2] and increased cardio-metabolic disease (CMD) risk
[3]. Older adults are a population at risk for insomnia [4] and
comorbid cognitive, cardio-metabolic, and depressive disorders
[2, 5, 6]. Improved understanding of the mechanisms linking
insomnia with these comorbidities is particularly important
because improving wake-sleep function has the potential to
modify health-related outcomes.

Changes in sleep architecture have been described in in-
somnia including, but not limited to, reduction in total sleep
duration, increased sleep fragmentation, longer periods of wake
after sleep onset (WASO), and reduction in slow-wave sleep
(SWS) [7]. Poor sleep quality has been associated with a higher
risk for cognitive and cardio-metabolic disorders in experi-
mental and epidemiological studies [8, 9]. In addition, there is
evidence that adults with insomnia and objective short sleep
duration may be at higher risk for CMD [10-12].

Alterations in spectral quantification of sleep electroenceph-
alogram (EEG) have been reported in young and middle-aged
adults with insomnia, including a reduction in the amount of
SWA (0.5-4 Hz) [13, 14]. The integrity of SWA is thought to be im-
portant for many physiological processes, including autonomic
[15] and cognitive function [16] and as such, dysregulation of
SWA may represent a mechanistic pathway linking insomnia
with cardio-metabolic and cognitive comorbidities. However, a
reduction of SWA in insomnia has not been consistently reported
in the literature [17, 18], which may in part be due to the lack of
more detailed characterization of the spectral components of
SWA in some studies. Recent evidence shows that the lower fre-
quency component of SWA, slow oscillatory activity (SO activity:
0.5-1 Hz), rather than the higher frequency component (delta
activity: >1-4 Hz), is reduced in some patients with insomnia
[19, 20]. There is evidence that SO activity is generated in brain
regions that are different from those generating delta activity
[21, 22], and shows broader connections with subcortical regions
involved in the regulation of sleep and wakefulness, including
the locus coeruleus (LC) [21]. SO activity is closely coupled with
cardiovascular function [23, 24], and is also important for sleep-
dependent memory consolidation [16]. Moreover, in insomnia,
both changes in SO activity [20] and markers of altered auto-
nomic activity [25, 26] have been shown to correlate with the se-
verity of subjective sleep disturbance, as measured by Pittsburgh
Sleep Quality Index (PSQI). Thus, studying the relationship of
specific frequency components of SWA with autonomic func-
tion and sleep quality can provide new insights into the link
between insomnia and risk for cardio-metabolic and cognitive
comorbidities.

Aging is accompanied by changes in sleep macro- and micro-
structure which may contribute to the high prevalence and se-
verity of sleep complaints in the elderly [27]. With aging, sleep
becomes more fragmented and overall shorter in duration [28].
Some prominent age-related changes include increased WASO
and lighter nonrapid eye-movement (NREM) sleep stages, N1
and N2, and decreased stage N3 (SWS). In addition, there is a sig-
nificant decline in SWA across the lifespan [29], which is mainly

evident in the first cycle of sleep [30]. Based on this evidence,
reduced SWA observed in older adults has been interpreted as a
possible indicator of weaker sleep homeostasis [28, 31]. The dy-
namic changes and in particular the dissipation of SWA across
the cycles of sleep are a distinctive feature of sleep homeostasis
[32, 33], which have not been systematically described in studies
of insomnia. Therefore, studying SWA and its spectral compo-
nents by sleep cycles can add new insight on sleep homeostatic
regulation in older adults with insomnia [28, 31, 32, 34, 35].

Mechanisms linking autonomic activity during the daytime/
waking period with objective sleep quality in the following
sleep period remain poorly understood in insomnia. One of the
proposed mechanisms to explain the association between in-
somnia and risk for CMD is an overactive sympathetic nervous
system, represented by the elevation in the activity of multiple
physiological domains (i.e. higher cortisol levels, heart rate, core
body temperature) [36]. Notably, these observations mainly ori-
ginate from studies conducted in young and middle-aged adults
with insomnia. However, since aging is accompanied by a sig-
nificant decline in central wake and alertness promoting neuro-
transmitters, including norepinephrine (NE) [37], which can alter
wake-sleep regulatory mechanisms, it is biologically plausible
that the pathways linking sleep quality and autonomic/arousal
activity may differ between older and younger adults, as well as
among insomnia subtypes.

The overall aim of this study was to assess the relationship
between objective measures of sleep microstructure, specific-
ally SO activity and delta activity, with autonomic and arousal-
related physiological measures (24-h plasma cortisol and NE),
and their relationship with subjective sleep quality (PSQI), in
older adults with insomnia and age-matched healthy sleeper
controls. The following hypotheses were tested: (1) SO activity
will be lower in insomnia than controls, (2) 24-h levels of cor-
tisol and NE will be higher in insomnia than controls, (3) higher
cortisol and NE levels during wake will be correlated with lower
levels of SO activity in the following sleep period, and (4) in in-
somnia, higher cortisol and NE levels and lower SO activity will
be associated with poorer subjective sleep quality (PSQI).

Methods
Participants

Forty-three adults with chronic insomnia (65 + 8 years, seven
males), and 16 age-matched healthy sleeper controls (68 =+
9 years, four males), participated in two separate parent re-
search studies that employed identical protocols for sleep and
autonomic measures, as well as inclusion and exclusion criteria
for insomnia and controls. A protocol flow diagram is shown in
Figure S1. Participants included in the studies were sedentary
men and women, 55 years and older, independent in activities
of daily living and without clinical cognitive impairment (mini-
mental state exam score > 26).

Participants who endorsed symptoms of insomnia for at least
3 months, associated with functional impairment and/or dis-
tress, had a clinical interview with a board-certified sleep medi-
cine clinician, who determined insomnia disorder according
to the International Classification of Sleep Disorders 2nd Ed.
Criteria [38]. Additional criteria included: (1) sleep efficiency (SE)
less than 80% and/or awakening earlier than desired if before
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6:00 am, and a total sleep time (TST) of less than 6.5 h (but not
less than 5 h) on at least 4 out of 7 days of wrist actigraphy and
sleep diary, and (2) PSQI >5 [39]. Inclusion criteria for controls
were: (1) no prior or current history of insomnia; (2) SE greater
than 80% and TST of 6.5 h, but not more than 8.5 h confirmed
by actigraphy and sleep diary for a period of 7 days; (3) PSQI <5.
Exclusion criteria for all participants were as follows: (1) his-
tory of other sleep disorders, neurological or psychiatric disorders
(DSM-1V criteria for any major psychiatric disorder, including
mania or alcohol or substance abuse); (2) moderate to severe
depression symptoms assessed by Center for Epidemiological
Studies Depression (CESD) scale (score > 22) [40] (study 1), or by the
Beck Depression Inventory (BDI) scale (score > 16) [41] (study 2); (3)
unstable or serious medical conditions; (4) current, or use within
the past month, of psychoactive, hypnotic, stimulant, or analgesic
medications; (5) shift work or other types of self-imposed irregular
sleep schedules; (6) BMI >35 kg/m? (7) habitual smoking (six or
more cigarettes per week) or caffeine consumption of greater than
300 mg per day; (8) apnea-hypopnea index (AHI) >15, periodic leg
movement arousal index >15 by polysomnography (PSG).

Study design

A common aim of the two parent studies was to determine
sleep and cardio-metabolic characteristics of older adults with
insomnia and short sleep duration. The control groups were
age-matched healthy sleepers with normal sleep duration and
self-reported good sleep quality. Baseline assessments included
daily sleep logs and actigraphy for 7 days, questionnaires related
to sleep history, sleep and mood disorders, medication use, and
subjective sleep quality (PSQI). Eligible participants stayed in
the clinical research unit (CRU) for four nights (night 1 PSG was
for adaptation and screening for sleep apnea, followed by three
nights with EEG recording). The following procedures were con-
ducted: (1) nightly PSG; (2) three daytime blood pressure (BP) and
heart rate (HR) measurements; (3) oral glucose tolerance test on
the morning of day 2 of admission; and (4) on the last day (day 4),
a 24-h period of serial blood draws [42]. The time of lights off was
determined according to their mean habitual bedtime obtained
from 7 days of actigraphy and sleep diaries, the week prior to
their admission to the CRU.

Depression symptoms

To assess the contribution of depression symptoms as a vari-
able, a standardized common metric of depression severity was
calculated for the BDI and CESD measures [43-45].

Subjective sleep quality

PSQI is a 19-item self-rated questionnaire that evaluates sleep
over the past month, was used to assess subjective sleep quality.
A global PSQI score >5 has shown a sensitivity of ~90% and spe-
cificity of ~87% for identification of individuals with poor sleep
quality [39].

Wrist actigraphy

Daily rest-activity rhythms were assessed via wrist actigraphy
(AW-64 and AWL Actiwatch, Mini Mitter Co. Inc., Bend, OR),
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and a daily sleep diary upon awakening that included bedtime,
waketime, time awake during night and naps, was used to manu-
ally set rest intervals within the Actiware software (Mini Mitter
Co. Inc., Bend, OR) for the calculation of sleep variables. Devices
were set to record every 60 s, and medium sensitivity. Sleep start
was defined as the first 10 min period in which no more than
one epoch was scored as “mobile.” Sleep end was defined as the
last 10 min period in which no more than one epoch was scored
as “immobile.” TST was defined as the amount of time between
sleep start and sleep end scored as “sleep,” SE was defined as the
proportion of sleep between bedtime and waketime, WASO was
defined as the time in minutes spent awake after sleep onset
and before waketime [42].

Sleep PSG recording

EEG recordings were obtained from central and occipital chan-
nels (C3, C4, 01, O2) referenced to the contralateral mastoid (A1,
A2). In addition, recordings of left and right electrooculogram,
electrocardiogram, and two chin electromyograms were
obtained. During the screening PSG, nasal/oral airflow, abdom-
inal and chest respiration, pulse oximetry, and leg electromyo-
gram were also recorded to screen for sleep disorders. The
sampling frequency was 250 Hz (Neurofax EEG-1100, Nihon
Kohden), with a 70 Hz low-pass filter. Recordings were scored ac-
cording to the criteria of Rechtschaffen and Kales [46] (the study
began prior to the current American Academy of Sleep Medicine
(AASM) scoring rules [38]), by an experienced scorer blinded to
the participants’ condition (insomnia vs. control). PSG measures
were calculated for TST (duration in minutes spent asleep), SE
(% of time spent asleep over the entire recording period), time
(duration in minutes and % of the time spent asleep) spent in
each stage of sleep (N1, N2, N3, REM), sleep onset latency (time
from lights off to the first 30 s epoch scored as N1 or N2), WASO
(time in minutes spent awake after sleep onset and before lights
on), and arousal index (number of arousals lasting at least 3 s in
duration per hour of sleep) [47].

EEG power spectral analysis

Electrophysiological recording analyzer software package
PRANA (Phitools, France) was used to perform spectral EEG ana-
lyses using artifact-free data (left central channel) from nights
2, 3, and 4. An FFT (4 s window, 50% overlap) was applied, and
mean power spectral estimates were extracted in 30 s epochs by
sleep stage. To be included in the analysis, PSG was required to
have less than 20% of NREM data removed due to artifacts.

To determine the contribution of the different frequency
bands within SWA, we extracted SO activity (0.5-1.25 Hz) [48],
and delta activity (>1.25-4 Hz). Spectral power was also ex-
tracted across the following frequency bands including theta (>
4-8.5 Hz), alpha (>8.5-12.5 Hz), sigma (>12.5-15.5 Hz), and beta
(>15.5-22 Hz). The averaged spectral power in each frequency
band was then calculated for the entire time in NREM sleep.
Analysis by a cycle of sleep was performed to examine the time-
course of SO activity and delta activity, and the other frequency
band changes across the night. Sleep cycles were defined using
modified Feinberg and Floyd criteria [49]. The first four sleep
cycles were included in the analysis. Average spectral power for
each frequency band was calculated for each sleep cycle and
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normalized to the NREM power of the corresponding frequency
band for the entire night.

24-h plasma cortisol and NE

Blood sampling was initiated within 30 min from wake on the
last day in the CRU and obtained over a 24-h period at 30 min
intervals, using an indwelling catheter. Blood samples were
centrifuged immediately after collection and stored at -70°C
until further processing. Plasma cortisol was measured using
enzyme-linked immunosorbent assay (ELISA, Roche Diagnostics
Elecsys Cortisol II) with an intraassay variability of 1.7%. Plasma
NE was assayed using high-performance liquid chromatography
with an electrochemical detection system (Coulochem Electrode
Array System,; ESA, Inc.).

Data on 24-h cortisol and NE plasma levels were aligned with
the time of lights off. The analysis of mean cortisol and NE levels
during wake (i.e. daytime period), included values from the first
sample collected after morning awakening until the last one be-
fore lights off.

24-h plasma melatonin

Serial plasma melatonin levels were measured using a com-
mercially available radioimmunoassay from IBL International
(Catalog No. RE29301). The standard range of sensitivity for
this assay is from 3 to 300 pg/mL. Dim light melatonin onset
(DLMO) was defined as the clock time of the first value to
rise and remain above 2 standard deviations above baseline
levels [50].

BP and HR during wake

BP and HR were measured by a nurse using an ambulatory moni-
toring device (Accutracker II, Suntech Medical Instruments) on
the nondominant arm, with participants in a seated position.
Measurements were obtained at least 3 times/day during the
waking period, but the exact timing varied between the parent
protocols. The average of BP and HR across the days spent in the
CRU was calculated for each participant. Average daily BP and
HR are presented to characterize clinical features of cardiovas-
cular health.

Statistical analysis

Statistical analyses were carried out in R [51]. Comparison be-
tween insomnia and control groups for non-repeated measures
(demographics, baseline actigraphy characteristics, PSQI, PSG,
and EEG spectral power averaged across the night) were per-
formed using t-tests or nonparametric and Wilcoxon rank-sum
tests as necessary due to significant non-normality of the obser-
vations. Normality assumptions for pairwise differences were
checked using “Shapiro test.” For repeated measures (including
24-h time course profiles of plasma cortisol and NE, and EEG
power throughout sleep cycles), a generalized estimating
equation (GEE) model with exchangeable within-subject co-
variance was used to account for correlations within subjects.
p-values were adjusted using the Bonferroni-Dunn method to

account for the multiplicity of tests across sleep cycles and EEG
spectral bands.

In models for 24-h cortisol and NE profiles, time was treated
as a third-order polynomial to capture nonlinearities. Robust
standard errors of the model parameters were computed using
the methods of Diggle et al. [52], which has been shown to yield
consistent estimates even when the within-subject covariance
matrix is misspecified. GEE models were estimated using the R
geepack library [53]. Within each group, insomnia and controls,
GEE models were used to test the interaction between average
cortisol and NE levels, and PSQI with EEG spectral power levels
across the cycles of sleep. Within each group, nonparametric
Spearman rank correlation coefficients were computed to ana-
lyze the relationship between average cortisol and NE levels, EEG
spectral power averaged across the night, and PSQI. To adjust
for depression symptoms, the common metric score (depres-
sion score) was used in the analyses as a continuous variable.
Sensitivity analyses of different sleep durations in the insomnia
group were conducted using the mean of 7 days of actigraphy at
screening. Data are presented as mean =+ standard deviation (SD)
unless otherwise specified. All statistical tests are two-sided.

For plasma cortisol and NE, participants missing >25% of the
time points were excluded. For cortisol data, three participants
with insomnia met this criterion due to poor sample quality
and were removed from the analysis. As a result, 43 participants
with insomnia and 16 controls were included in the analyses
on 24-h NE profiles and 40 participants with insomnia and 16
controls were included in the analysis of 24-h cortisol profiles.

Analyses of PSG and EEG spectral measures were conducted
on data averaged across nights 2, 3, and 4. For the associations
with daytime plasma cortisol and NE levels, EEG data from night
4 was used because it was concomitant with 24-h blood sam-
pling. PSG and EEG spectral data from nights 2 and 3 included
43 participants with insomnia and 16 controls. PSG and EEG
spectral data on night 4 included 37 participants with insomnia
and 16 controls, as data of six participants with insomnia
were excluded due to technical issues (more than 20% of the
EEG recording had artifacts). Sleep characteristics derived from
actigraphy or PSG averaged from nights 2 and 3 did not differ be-
tween individuals with missing EEG data on night 4 from those
with EEG data, nor from the entire insomnia group (p > 0.05,
nonparametric tests).

Results

Characteristics of participants with insomnia and
controls

The main demographic and clinical features of 43 participants
with insomnia and 16 controls are shown in Table 1. There
were no significant differences between the groups for age,
sex, BMI, activity levels, mean BP and HR values during wake,
and DLMO.

Median (25th, 75th percentiles) score for the BDI scale was 4.5
(1, 7) in controls and 8.5 (6, 12) in insomnia. Median (25th, 75th
percentiles) score for the CESD scale was 2 (0, 11) in controls and
5 (3, 11) in insomnia. The comparison between insomnia and the
control group after the conversion of CESD and BDI scores into
a standardized metric, showed a higher score in the insomnia
group (50.8 + 8.8) compared to controls (43.9 + 8.9; p = 0.02).
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Table 1. Demographic and clinical features of participants with insomnia and controls

Controls, n = 16 Insomnia, n = 43 p value
Age (years) 68.1+9.2 65.2+7.6 0.318°
Gender F (%) 75% 84% 0.697¢
BMI (kg/m?) 26.0+3.1 263+39 0.8152
SBP (mmHg) 128.6 + 20.5 127.6 + 11.9 0.918"
DBP (mmHg) 74.0+9.6 744 +9.1 0.7392
HR (bpm) 69.5 +11.4 69.8+7.8 0.867°
Average daily activity count (a.u.) 278880.1 + 73333.4 269323.9 + 90010.9 0.732°
AHI 3.8+45 49+44 0.4262
ESS 6.1+2.8 70+£4.2 0.425°
DLMO (h:min) 19:50 + 4:17 19:06 + 4:06 0.560°

Values are shown as mean + SD. p values are obtained using (a) two-sided t-test; (b) nonparametric two-sided Wilcoxon rank-sum test; (c) chi-squared test.
AHI, apnea-hypopnea index at screening; BMI, body max index; DBP, diastolic blood pressure; DLMO, dim light melatonin onset was defined as clock time of plasma
melatonin onset (2 standard deviations above baseline level); ESS, Epworth sleepiness scale administered upon admission to CRU; HR, heart rate; PSQ], Pittsburgh

Sleep Quality Index; SBP, systolic blood pressure.

Table 2. Summary sleep characteristics for insomnia and controls, from 7 days of home wrist actigraphy at screening and from laboratory-

based polysomnography
Controls, n = 16 Insomnia, n = 43 p value

Screening actigraphy
Total sleep time (h)/median (25th, 75th percentiles) 6.9+0.7/6.9 (6.6,7.1) 6.1+1.0/6.2(5.3,6.8) 0.010*
Sleep efficiency (%) 85.5+5.5 80.9+7.8 0.006°
Wake after sleep onset (min) 46.5+15.9 58.9 +23.7 0.0532

In lab. polysomnography (nights 2, 3, and 4 averaged)
Total recording time (min) 476.2 +27.7 477.4 +38.9 0.874*
Total sleep time (min) 477.6 +52.8 347.0 £65.5 0.0302
Sleep efficiency (%) 79.5+9.8 729121 0.011°
Sleep onset latency (min) 179 + 16.6 143 +19.4 0.358°
Wake after sleep onset (min) 82.8+38.9 114.3 £51.7 0.0052
N1 sleep (min) 479268 40.7£17.4 0.105°
N2 sleep (min) 185.3 +45.5 185.5 +52.6 0.9632
Slow wave sleep (min) 58.5+45.3 50.1+34.9 0.309°
REM sleep (min) 69.4 +29.3 50.1 + 34.9 0.309%
N1 (%) 142+ 84 12.1+£55 0.132°
N2 (%) 50.7 + 8.0 53.1+9.7 0.219°
SWS (%) 154 +10.7 14.5+9.9 0.677?
REM sleep (%) 18.9 £ 6.8 20.2+6.4 0.332
Arousal index (n/h) 148+ 6.6 19.1+8.0 0.010°

N1, sleep stage 1; N2, sleep stage 2; REM, rapid eye movement sleep. Values are shown as mean + SD. p values are obtained using (a) two-sided t-test; (b) two-sided

nonparametric Wilcoxon rank-sum test.

Subjective sleep quality

Higher PSQI scores, indicating greater subjective sleep disturb-
ance, were observed in the insomnia group (11.0 + 2.8) compared
to controls (2.4 + 1.6, p < 0.001), reflecting the inclusion criteria.
Analysis of PSQI subscales (Figure S2) showed significantly
higher subs-cores in participants with insomnia compared to
controls (p < 0.001 adjusted for multiple comparisons) in all do-
mains except for “medication use,” as sleep medication use was
an exclusion criterion in the study.

Objective sleep characteristics

Wrist actigraphy

The mean (+ SD) for measures of home wrist actigraphy obtained
at screening in participants with insomnia and controls are pro-
vided in Table 2. As expected, based on the inclusion criteria, the
screening actigraphy showed a shorter TST in insomnia compared
to controls, as well as lower SE and a greater amount of WASO.

Polysomnography

Sleep macrostructure

Averaged PSG data from nights 2, 3, and 4, showed significantly
lower TST and SE, higher WASO and higher arousal index in par-
ticipants with insomnia compared to controls (Table 2).

Sleep microstructure

EEG spectral activity averaged across the night

There were no differences between insomnia and controls
in the average total amount of SO activity (insomnia: 188.8
115.1 pV?, controls: 162.4 + 105.4 pV?, p = 0.17), or delta ac-
tivity (insomnia: 92.3 + 48.4 pV? controls: 78.4 + 41.7 pV?
p = 0.15), and results did not change after adjusting for sex
and depression score (p = 0.57 and p = 0.56, respectively). No
between-group differences were observed in the other fre-
quency bands (Table S1).
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EEG spectral activity by cycles of sleep

The duration of sleep cycles was not different between insomnia
and the control group (all sleep cycles p > 0.1). GEE analysis of SO
activity levels across the cycles of sleep showed a group x cycle
interaction effect (p < 0.0001), characterized by reduced SO activity
levels in the first sleep cycle in participants with insomnia com-
pared to controls (p < 0.0001; Figure 1A, C). There was no significant
difference in delta activity levels across the cycles of sleep between
participants with insomnia and controls (group x cycle interaction
p = 0.16; Figure 1B). No other group differences were found across
the cycles of sleep for any other frequency band (Figure S3).

Sex and depression score introduced in the analyses as
covariates did not affect the between-group differences in SO
activity (group x cycle interaction p < 0.0001), and delta activity
(group x cycle interaction p = 0.16).

Autonomic measures

24-h plasma cortisol levels
GEE analysis showed that 24-h plasma cortisol levels (Figure 2A)
were significantly higher in participants with insomnia (8.17 +

1.78 pg/dL) compared to controls (7.09 + 1.12 pg/dL; group
p < 0.001), across the 24-h period (group x time interaction
p = 0.55). After adjusting for sex and depression score, this result
remained significant (group p < 0.0001).

+

24-h plasma NE levels

GEE analysis showed that 24-h plasma NE levels (Figure 2B) were
significantly lower in participants with insomnia (350 + 112 pg/
mlL) compared to controls (432 + 107 pg/mL, group p < 0.001),
across the 24-h period (group x time interaction p = 0.27). After
adjusting for sex and depression score, this result remained sig-
nificant (group p < 0.0001).

Relationship between autonomic measures and EEG
microstructure

Relationship between cortisol levels during wake with SO

activity and delta activity in the following sleep period

In either insomnia or controls, there were not significant cor-
relations between mean cortisol levels during wake and the
average total amount of SO activity (insomnia: R=-0.29,p = 0.13;
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Figure 1. Slow oscillatory activity (SO: 0.5-1.25 Hz) and delta activity (>1.25-4 Hz) changes across the cycles of sleep in insomnia and controls. Data are averaged from
nights 2, 3, and 4. (A) Lower SO activity levels in the first sleep cycle characterized participants with insomnia compared to controls (p < 0.0001, adjusted for multiple
comparisons). (B) No significant differences were observed in delta activity levels across the sleep cycles between the two groups. Spectral power in each frequency
band, in each cycle of sleep, was normalized to the NREM power averaged across the night, for that specific frequency. Bars represent standard error of the mean. (C)
Individual spectrogram focused on lower EEG frequencies (0.5-3 Hz; Y-axis) obtained from left EEG central derivation in one control subject (left panel, female, 64-year-
old) and one participant with insomnia (right panel, female, 64-year-old). Large power values are shown in warm colors. Time is shown on X-axis in parallel with the
hypnogram. The figure highlights the different distribution of SO activity across the night, characterized by its significant reduction in the first cycle of sleep in par-

ticipant with insomnia.
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Figure 2. 24-h profiles of (A) plasma cortisol and (B) plasma norepinephrine (NE), in insomnia and controls. Participants with insomnia showed higher 24-h plasma
cortisol levels compared to controls (p < 0.001, GEE model), and lower 24-h plasma NE levels compared to controls (group p < 0.001, GEE model). Blood samples were
obtained every 30 minutes starting approximately 30 min after the morning awakening. Data were analyzed after alignment with lights off (dotted line). Bars represent
standard error of the mean.
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controls: R =0.11, p = 0.82) and delta activity (insomnia: R =-0.29,
p = 0.13; controls: R =0.11, p = 0.82).

GEE analysis did not show significant interactions between
mean plasma cortisol levels during wake and levels of SO ac-
tivity or delta activity across the cycles of sleep in either par-
ticipants with insomnia (SO activity: p = 0.34; delta activity:
p = 0.42), or controls (SO activity: p = 0.45; delta activity: p = 0.66).

Relationship between NE levels during wake with SO activity
and delta activity in the following sleep period
In either insomnia or controls, there were not significant cor-
relations between mean NE levels during wake and the average
total amount of SO activity (insomnia: R =-0.16, p = 0.50; controls:
R=-0.24,p =0.29), and delta activity (insomnia: R =-0.16, p = 0.50;
controls: R =-0.24, p = 0.28).

GEE analysis showed a significant interaction between mean
NE levels during wake and levels of SO activity across the cycles
in controls (p = 0.017), but not in insomnia (p = 0.21). Post hoc ana-
lysis indicated that a significant positive correlation between higher
mean NE levels during wake with higher SO activity levels in the first
cycle of sleep was present in controls (Figure 3A, R = 0.58, p = 0.014),
but not participants with insomnia (Figure 3B, R = 0.23, p = 0.26).

GEE analysis did not show significant interactions between
mean NE levels during wake and delta activity levels across the
cycles of sleep in either participants with insomnia (p = 0.09) or
controls (p = 0.94).

Relationship between autonomic measures, EEG
microstructure, and subjective sleep quality

Relationship between mean 24-h cortisol and NE levels with

PSQI in insomnia

There was no significant correlation between mean 24-h cortisol
levels and PSQI scores (R =-0.11, p = 0.32). There was a significant
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correlation between lower mean 24-h plasma NE levels with
higher PSQI scores (Figure 4A, R = -0.62, p = 0.008). GEE analysis
showed a significant inverse relationship between NE levels and
PSQ], such that for every -16.56 pg/mL decrease in NE there was
a unit increase in PSQI score (p < 0.001).

Relationship between SO activity and delta activity with PSQI

in insomnia

There were no significant correlations between the average total
amount of SO activity and delta activity with PSQI (R = -0.08,
p=0.11 and R =-0.15, p = 0.10, respectively).

GEE analysis showed a significant interaction between SO
activity levels across the cycles of sleep with PSQI (p = 0.0003),
which was not observed for delta activity (p = 0.82). Within SO
activity, post-hoc analysis indicated that the reduction in SO ac-
tivity levels in the first sleep cycle was associated with higher
PSQI scores (SO activity R =-0.49, p = 0.0009, Figure 4B).

Sensitivity analyses of sleep duration in insomnia

Sensitivity analyses were conducted to assess the potential
effect of sleep duration on SO activity levels across the cycles of
sleep, 24-h cortisol and NE levels. Within the insomnia group, for
all sleep durations tested (<5, <6, >5, or > 6 h), the same direction
of effect was observed for all the variables, such that SO activity
in the first sleep cycle and 24-h NE levels were lower, and 24-h
cortisol levels were higher, in insomnia vs. controls (Table S2).

Relationship between mean 24-h cortisol and
NE levels

We explored whether the association between the 24-h levels of
plasma cortisol and NE, which are interrelated and expected to
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Figure 3. Higher plasma norepinephrine (NE) levels during wake correlate with greater Slow Oscillatory activity (SO: 0.5-1.25 Hz) in the first cycle of sleep in controls
but not in insomnia. In controls, a significant positive correlation was present between mean plasma NE levels during wake (data Ln transformed) and the amount
of SO activity in the first cycle of sleep (A), that was not present in participants with insomnia (B). Mean plasma NE levels during wake included values from the first
sample collected after the morning awakening until the last one before lights off. The amount of SO activity in the first cycle of sleep is expressed as % of the entire

night NREM SO power. Correlations are nonparametric.
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Figure 4. Lower 24-h plasma norepinephrine (NE) and lower slow oscillatory activity (SO: 0.5-1.25 Hz) in the first cycle of sleep correlate with greater subjective sleep
disturbance (PSQI) in insomnia. Spearman rank correlations showing significant negative associations between (A) lower mean 24-h plasma NE (data Ln transformed),
and (B) lower SO activity in the first cycle of sleep, with higher Pittsburg Sleep Quality Index (PSQI) scores, in participants with insomnia. Data on SO activity in the first

cycle of sleep are averaged from nights 2, 3, and 4.

exhibit similar physiological responses, differed between parti-
cipants with insomnia and controls. A significant positive cor-
relation was observed between mean 24-h cortisol and plasma
NE levels in the control group (R = 0.52, p = 0.046; Figure S4A), but
not in the insomnia group (R = 0.13, p = 0.59; Figure S4B).

Discussion

The findings in this study provide further support for a link
between alterations in sleep microstructure and autonomic
dysregulation in older adults with insomnia and short sleep
duration. The insomnia group showed lower levels of SO activity
(the slower frequency component of SWA), higher 24-h plasma
cortisol levels, and lower 24-h plasma NE levels compared to
healthy sleeper controls. In the control group, NE levels during
the waking period were positively associated with the levels of
SO activity in the first cycle of sleep, but interestingly, this as-
sociation was not present in the insomnia group. Furthermore,
within the insomnia group, lower 24-h plasma NE levels and
lower SO activity in the first sleep cycle correlated with poorer
subjective sleep quality (PSQI).

Although sleep EEG spectral activity of all frequency bands
averaged across the night did not differentiate participants with
insomnia from healthy sleepers, analysis by sleep cycles re-
vealed lower SO activity in the first cycle in those with insomnia.
This specific observation raises the possibility of an alteration
in homeostatic sleep regulation in this older insomnia group
with short sleep duration. In healthy people, SO activity in the
first cycle of sleep has been shown to proportionally increase as
a function of time awake [54], but much less is known within
the context of insomnia in older adults. Lower amounts of SO
activity in the first cycle of sleep have been reported in older
adults compared to younger individuals [55], and are associated

with a reduction in the volume of the medial prefrontal cortex
(mPFC), a key anatomical area for the generation of sleep slow
waves [56]. This age-related decline in SO activity may further
impact sleep homeostatic regulation [57], particularly in those
with insomnia and short sleep duration. The specificity to SO
activity in the first cycle of sleep might explain the mixed results
reported in prior studies examining SWA in insomnia disorder
and controls [20, 58-61]. Most of these studies did not report
specific changes in SWA by cycle of sleep, and were conducted
in young and middle-aged adults. However, consistent with our
finding, lower SWA in the first cycle of sleep has been reported
both in young adults with insomnia [13], and also in response to
sleep deprivation in those with insomnia [14].

While higher cortisol levels have not been consistently rep-
licated in insomnia, we found a small, but higher 24-h plasma
cortisol level (~1.1 pg/dL) in the insomnia group compared to
healthy sleepers. A similar magnitude of difference has previ-
ously been reported in insomnia vs. controls [62]. Also, there is
evidence that elevated levels of cortisol of similar magnitude
(~ 0.76-1.6 ng/dL) [63-65], including the age-related increase in
mean cortisol levels (~0.35 pg/dL per decade) [66, 67], are associ-
ated with alterations in glucose metabolism and cardiovascular
function. Together, these data support the postulate that chronic
activation of the hypothalamic-pituitary-adrenal (HPA) axis in
some patients with insomnia, such as those with short sleep
duration, may contribute to increased CMD risk [68].

The lower 24-h plasma NE levels in the insomnia group com-
pared to controls was unexpected. Our initial hypothesis was
based on findings in younger adults with insomnia [69, 70], such
that we anticipated that NE levels would be higher in the in-
somnia group compared to controls. Similar to cortisol levels,
prior studies do not consistently show indices of heightened
autonomic activation in patients with insomnia compared to
controls [71-76]. In our sample of older adults with insomnia
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and short sleep duration, it is possible that NE levels may par-
tially reflect compensatory changes to the age-related decline in
noradrenergic function [37], and thus NE levels in older adults
may not represent an accurate estimation of sympathetic ac-
tivity [77]. Although speculative, it is plausible that the normal
age-related decline in noradrenergic activity [37], coupled with
alterations in wake-sleep regulation, may further decrease day-
time NE activity regulation in older adults with insomnia.

A novel finding from this study is that NE levels during the
waking period positively correlated with the amount of SO ac-
tivity in the first sleep cycle in the control group, but not in the
insomnia group. A possible explanation for this unexpected
finding comes from animal models showing that an intact NE
system is important for the homeostatic regulation of sleep SO
activity [78, 79]. The LC in the brainstem is the primary source
of NE in the brain and its activity closely mirrors the sleep-wake
cycle, with high rates of activity during wakefulness and lower
activity during sleep [80]. To investigate the causal relationship
between an intact LC-NE system and the homeostatic regula-
tion of sleep, Cirelli et al. [79] destroyed LC-NE neurons in rats
and found that this intervention resulted in the selective re-
duction of sleep SO activity (0.5-1.5 Hz) at the beginning of the
sleep period, which was even more pronounced after exposure
to sleep deprivation. It is important to note that we examined
plasma NE, and therefore cannot infer that the results reflect the
central noradrenergic activity. However, there is evidence that
NE levels in cerebrospinal fluid and plasma are correlated under
normal physiological conditions and in neuropsychiatric dis-
eases [81-83], as well as following pharmacologic suppression of
the central NE system with an o, agonist [84, 85], suggesting that
a common mechanism links NE secretion in the central nervous
system and peripheral nervous system [86, 87]. Whether such a
relationship is present in insomnia is unknown.

In the insomnia group, the relationship between poorer sub-
jective sleep quality (PSQI) and EEG microarchitecture was spe-
cific to lower SO activity levels in the first cycle of sleep. This
result is consistent with findings from a prior study [20] showing
that lower SO activity across the entire night in middle-aged in-
somniacs vus. controls was associated with higher PSQI scores.
Interestingly, in older adults (>66 years), the severity of sleep
disturbance indexed by PSQI [88] correlates with the degree of
atrophy of the mPFC, an anatomic location important for the
regulation of SO activity. In addition to SO activity, lower 24-h
NE levels were associated with higher PSQI score, indicating a
potential connection between noradrenergic activity and sub-
jective sleep quality, and potentially worth exploring as a bio-
marker in insomnia research.

However, we did not find a correlation between 24-h cortisol
levels with PSQI. A similar finding was observed in a study of
postmenopausal women in whom no difference in the diurnal
pattern of salivary cortisol between good versus poor sleepers
(by PSQI) was seen, but a relationship with subjective sleep la-
tency, sleep duration, and sleep efficiency was present [89].
Moreover, in our study, in insomnia not only was their lack of
association between cortisol levels and subjective sleep quality,
but also between cortisol levels and SO activity. Together, these
data support the notion of a dynamic and complex interplay be-
tween different sleep dimensions and the HPA axis.

Another interesting and unexpected finding was the lack of
correlation between 24-h cortisol and NE levels in the insomnia
group. Typically, the circuits involved in cortisol and NE release

are heavily intertwined in the adaptive responses to daily phys-
ical or psychobiological stressors [90]. The uncoupling of the
noradrenergic-HPA axis shown here in insomnia has been pre-
viously described in panic disorder [91]. While speculative, this
finding may be explained by alterations of the integrity of the
noradrenergic system, resulting in atypical HPA responses [92,
93]. To our knowledge, the dissociation between cortisol and NE
levels has not been explored in prior studies of insomnia and
deserves further investigation.

While this study provides important insight into potential
biological mechanisms of insomnia, there are also limitations.
First, because of the older age and high representation of female
participants in this study, the association between plasma NE
and SO activity may not be generalizable to males and younger
age groups with insomnia. Furthermore, although we adjusted
for sex in the analyses, the study was not sufficiently powered to
address sex differences, which are known to affect sleep archi-
tecture and autonomic function. Second, due to the lack of a
comparison group of older adults without insomnia, but with
similar sleep duration as the insomnia group, we cannot dir-
ectly address the potential effect of short sleep duration on our
findings. However, in the sensitivity analyses of different sleep
durations within the insomnia group, the findings of lower SO
activity in the first sleep cycle and 24-h NE levels and higher
24-h cortisol levels, did not change. Third, the possibility of type
I and type II errors in the findings on EEG frequency changes
across the cycles of sleep cannot be excluded. Fourth, the dif-
ference in timing of BP and HR measurements in the two parent
studies precluded our ability to examine concomitant changes
between BP and HR with cortisol and NE levels. Fifth, our find-
ings do not address the directionality of the association linking
the NE system and sleep SO homeostatic regulation. Lastly, it is
possible that those with insomnia have lower SO activity in the
first cycle of sleep, which is not a result of intrinsic neurobio-
logical dysregulation of sleep homeostasis.

Within the context of the existing literature, these find-
ings suggest a plausible physiological connection between
noradrenergic activity during wake and the homeostatic regula-
tion of sleep SO activity, and that dysregulation in the pathway
linking the NE system with sleep SO activity may be involved in
the pathophysiology of insomnia and the severity of perceived
sleep disturbance in older adults. Due to its wide-spread con-
nections to multiple brain areas and peripheral tissues, the in-
tegrity of the central NE system is essential for brain function
[94] and the health of multiple physiological systems [95]. As
such, dysregulation of the NE system may contribute to health
comorbidities in insomnia. Future studies to replicate these
findings, and powered to assess the role of sex and race in the
various insomnia phenotypes, including younger adults, and
those with insomnia without short sleep duration are needed.
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