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Abstract
Study Objectives: To assess the association between psychotropic medications and sleep microstructure in large

community-based cohorts of older people.

Methods: We analyzed overnight polysomnograms of 381 women from the Study of Osteoporotic Fractures
(SOF) and 2,657 men from the Osteoporotic Fractures in Men Sleep Study (MrQS), who either used no
psychotropic medication (n=2,819), only benzodiazepines (n=112), or only selective serotonin reuptake
inhibitors (SSRI) (n=107). Sleep microstructure (cyclic alternating pattern, CAP) was compared between the no
medication group and psychotropic medication groups using the Mann-Whitney U-test. Significant differences

were investigated using multivariable linear regression adjusted for confounders.

Results: CAP rate, arousal index, apnea-hypopnea index, and the frequency of slow, low-amplitude
electroencephalography activation phases were significantly lower in MrOS participants using benzodiazepines
than participants not taking psychotropic medication. SSRI users in MrOS experienced no altered sleep
microstructure compared to those with no psychotropic use. SOF participants using benzodiazepines did not
show similar associations with sleep microstructure. However, SSRI users from SOF had a significantly higher
frequency of rapid, high-amplitude electroencephalography activation phases (A2+3) and periodic limb-
movement index than participants not taking psychotropic medication. Multivariable linear regression adjusted
for demographic, lifestyle, mood disorders, and health variables indicated additional significant associations
between CAP rate and A2+3 index, respectively, and benzodiazepine usage in older men, and between CAP rate

and SSRI usage in older women.

Conclusions: We identified significant associations between sleep microstructure and psychotropic drugs in
MrOS and SOF highlighting the importance of comprehensive sleep analysis, including CAP. Our results may

help to better understand the differences in sleep-wake mechanisms based on psychotropic usage.

Keywords: cyclic alternating pattern, benzodiazepines, selective serotonin reuptake inhibitors, sleep studies,



sleep-wake mechanisms

Brief summary

Current Knowledge/Study Rationale: Psychotropic drugs can significantly influence sleep, in particular sleep
architecture. However, little is known about the association between psychotropic drugs and sleep
microstructure across the older population. Here, we analyzed 3,038 recordings from two large community-
based cohort studies to study the impact of psychotropic drugs on sleep macro- and microstructure in older

individuals.

Study Impact: Multivariable linear regression adjusted for for demographic, lifestyle, and health variables
revealed that the intake of benzodiazepines was associated with less fragmented sleep in older men. The intake
of selective serotonin reuptake inhibitors was associated with a rise in rapid, high-amplitude EEG activation
phases and periodic limb movements in older women. CAP analysis can amend the understanding of sleep-wake
mechanism differences based on psychotropic medication with possible future indications for psychiatric

disorder treatment.



Introduction

Sleep disorders such as insomnia are strongly associated with psychiatric disorders. The National Institute of
Mental Health Epidemiologic Catchment Area study reported a prevalence of psychiatric disorders of 40.0% in
participants with insomnia and 46.4% in participants with hypersomnia as compared to 16.4% of participants
with no insomnia. A study of people with insomnia by Ohayon et al. found that 28% reported being currently

diagnosed with a mental health disorder, and 25.6% had a history of psychiatric illness.?

Psychotropic medications are commonly used to manage mental illness. Their interactions with various
receptors in histaminergic and muscarinic cholinergic pathways,? the modulation of various monoamines,® and
the binding of barbiturates, benzodiazepines, and neurosteroids on the GABAa receptor complex? can result in
a significant impact on sleep physiology. As insomnia constitutes a core component of common disorders such
as major depressive illness,> psychotropic treatment plans should consider healthy sleep as part of treatment
plans. Studies investigating the effect of psychotropic drugs on sleep macrostructure commonly report
associations with sleep macro-architecture, specifically sleep latency, wake after sleep onset (WASQ) time, sleep
efficiency, rapid eye movement (REM) latency, and REM density.® Previous studies have shown that
benzodiazepines have sleep-promoting effects by reducing sleep onset latency, WASO time, and stage shifts’
and are the most frequently prescribed drugs for insomnia.? Trazodone, a serotonin antagonist and reuptake
inhibitor antidepressant has demonstrated a similar sleep-promoting effect resulting in an increase in sleep
continuity with almost no effect on REM sleep.® It is often used “off-label” as a sleep aide despite a lack of
evidence of its effectiveness.® On the contrary, the acute intake of selective serotonin reuptake inhibitor (SSRI)
and monoamine oxidase inhibitor antidepressants increases REM onset latency, reduces the overall time spent
in REM sleep, and increases the risk of restless legs syndrome, periodic limb movement, REM sleep behavior
disorder, and REM sleep without atonia.®'>*! In contrast, tricyclic antidepressants (TCA) have shown a variable
effect on sleep based on their sedating and alerting nature.®*? The variation in the serotonin and noradrenaline
reuptake inhibition across TCAs may be a potential explanation for the differences in sedation and REM sleep

suppression.?



The association between psychotropic medication and non-REM (NREM) sleep microstructure has been
quantified using cyclic alternating pattern (CAP) analysis. CAP describes periodically recurring short increases
(<60 s) in electroencephalography (EEG) activity in NREM stages, separated by lower-amplitude background
periods.® Such short activation phases represent bursts of high frequency (A3), high amplitude (A1), or both
(A2) as compared to normal cortical activity.’* By definition, subtypes A2 and A3 correlate with arousals as
previous studies have shown 95% of subtypes A3 and 62% of subtypes A2 meet the scoring requirements for
arousals.” Due to the inclusion of periodicity and pre-arousal activation,'*® CAP extends the current arousal

definition by the American Sleep Disorders Association!” and is regarded as a marker of sleep instability.!®

Previous studies of the impact of psychotropic drugs on sleep microstructure are limited to tightly controlled
laboratory studies with small sample sizes recruited from clinical cases and focusing on middle-aged people.
Moreover, previous studies focused mostly on benzodiazepines and nonbenzodiazepines, whereas the impact
of other commonly used psychotropic drugs such as SSRI or TCA on CAP remains largely unknown.
Benzodiazepine usage and CAP in people with chronic insomnia and situational insomnia have shown that the
acute intake reduces the CAP rate and the number of A1 phases per hour of NREM sleep.'*?? In a double-blind
crossover study, the short-acting benzodiazepines brotizolam and triazolam significantly lowered CAP rate
during situational insomnia, demonstrating their sleep protective effect.?’ In a similar study, the
benzodiazepines lorazepam and triazolam caused a reduction in CAP rate, Al phases and an increase in A2+A3
phases compared to placebo.?! In the same study, the intake of the nonbenzodiazepine zolpidem resulted in the
lowest CAP rate as well as a significant decrease in EEG arousals.? In a single-blinded study, six adult dysthymic
patients with chronic insomnia treated with controlled-release trazodone showed a significantly decreased CAP

time and CAP rate.?

The impact of psychotropic drugs on sleep microstructure in older individuals across larger population cohorts
remains unknown. Hence, we analyzed the association of benzodiazepine or SSRI use with sleep macro- and
microstructure in large community-based cohort studies of older people. In each study, we characterized CAP in

groups treated with SSRIs or benzodiazepines (n > 20) in comparison to large groups with no psychotropic intake.



Methods

Study samples: MrOS and SOF

This study used data from two multi-center sleep cohorts Osteoporotic Fractures in Men (MrOS) Study and the
Study of Osteoporotic Fractures (SOF). Both data sets were provided by the National Sleep Research Resource
(available online at the National Sleep Research Resource; sleepdata.org),?* and detailed individual drug usage
was provided by the University of California San Francisco and California Pacific Medical Center Research
Institute. MrOS is a multi-center, longitudinal, observational study examining the fracture risk in older men
regarding skeletal, lifestyle, and medical factors.?® In total, 5,994 community-dwelling men aged 65 and older
were recruited at six clinical sites during baseline examination from 2000 to 2002 with the requirement that all
participants needed to be able to walk without assistance and must not have had a bilateral hip replacement.?®
Between December 2003 and March 2005, 3,135 men who used no mechanical devices or oxygen during sleep
enrolled into the MrOS Sleep Study, an ancillary sleep study of the MrOS cohort, for comprehensive overnight
in-home polysomnography (PSG).2® We removed recordings with technically inadequate PSG or fewer than 3
hours of good EEG quality resulting in 2,811 participants. Similar to the MrQS, the multisite, observational SOF
studied risk factors for hip fractures among women aged 65 years and older with a follow-up starting between
1986 and 1988.77 As part of the eighth clinic visit from 2002 to 2004, 461 women completed an unattended
overnight in-home PSG to investigate the relationship of sleep disturbances to a range of health outcomes.?%?°

In alignment with the MrOS, we discarded recordings with technically inadequate PSG or fewer than three hours

of good EEG quality resulting in 426 recordings.

Cyclic alternating pattern (CAP) analysis

CAP analysis was performed utilizing a fully automated CAP scoring system3%3! according to the atlas and rules
for scoring CAP.2® A CAP sequence is defined as at least two consecutive CAP cycles terminated by an activation
phase (A-phase) that was defined as non-CAP as it does not form a cycle. A CAP cycle comprises an A-phase
representing a transient, phasic event in EEG activity followed by a background phase (B-phase) that separates
two successive A-phases. Typical patterns for A-phases include delta bursts, vertex sharp transients, K-complex
sequences, K-alpha, polyphasic bursts, intermittent alpha, and arousals.* A-phases were subdivided into periods

of slow high-amplitude waves (A1), fast low-amplitude EEG rhythms (A3), or a mixture of both (A2).}* CAP



sequences occur by definition only in NREM periods as REM sleep includes mainly desynchronized A-phases
separated by a background period longer than 60s.'® Hence, REM periods were removed from our CAP analysis

and the cortical activity between two CAP sequences was considered non-CAP.

The fully automated CAP detection system contains a deep learning recurrent neural network trained on
manually scored recordings from 15 healthy participants and 24 participants with sleep disorders from
PhysioNet, a publicly available database.? The training recordings were conducted and visually scored by the
Sleep Disorders Center of the Ospedale Maggiore of Parma, Italy. Our system reports a second-based sensitivity
of 76% and an accuracy of 86% on 16 normal subjects and an inter-rater reliability, quantified by the Cohen’s
kappa coefficient, of 0.53 on 16 healthy participants and 0.56 on a set of 30 participants with nocturnal frontal

lobe epilepsy. In comparison, human scorers achieved an A phase-based inter-rater reliability of 0.42 and 0.75.33

Here, we defined the CAP rate as the percentage of NREM sleep covered by CAP sequences. Subtype indices
were defined as the number of Al and A2 + A3, respectively, per hour of NREM sleep. Subtypes A2 and A3 were

merged into a single parameter due to their congruent nature.

Spectral power analysis

In addition to CAP analysis, we conducted EEG power spectral analysis during NREM sleep. We calculated the
power spectral density estimate using Welch's method on a 2-second sliding window with 50% overlap and
Hamming windowing. Subsequently, the mean absolute power spectral density for five EEG frequency bands
(delta 1-4 Hz; theta 4-8; alpha 8-12 Hz; sigma 12-15 Hz; beta 15-30 Hz) was computed by averaging across all

NREM sleep epochs.

Psychotropic medication

We selected samples for our analysis according to the self-reported psychotropic medication usage and the
psychotropic medication history based on the participant’s prescription and non-prescription medications in
MrOS and SOF. We examined the following classes of psychotropic drugs: benzodiazepine and SSRI. We excluded
participants that reported the intake of more than one psychotropic drug class to avoid mixed effects in our
analysis. Then, we grouped samples into the following medication classes: No medication, benzodiazepine, and

SSRI. Participants using trazodone, TCA, zolpidem, or nonbenzo nonbarbituate sedative hypnotic were excluded



due to the small sample size in either one or in both studies (n < 5). A detailed medication list for each class of

drugs is provided in Table S1 in the Supplemental Material.

Statistical methods

Prior to our analysis, we removed samples with no medical history or sleep architecture information reducing
the number of samples to 2,657 in MrOS and 381 in SOF. All analyses were performed within the specific cohort

study, either the MrOS or the SOF.

We applied the Mann-Whitney U test for continuous variables and the chi-square test for categorical variables
to assess differences in characteristics between the no medication group and each medication group in MrOS
and SOF. We compared each medication group to the no medication group within each specific cohort and used
post-hoc Bonferroni correction for all tests within a medication group to adjust probability values according to

multiple testing correction. For each statistical test, the significance level for the adjusted P values was 0.05.

To further explore the association between psychotropic drug usage and CAP parameters, multivariable
regression within each specific cohort adjusted for age, body mass index (BMI), the apnea-hypopnea index
including all apneas (central and obstructive) and hypopneas with or without arousals associated with at least a
>= 3% oxygen desaturation (AHI), self-reported health status, depression symptoms (Geriatric Depression Scale
score), anxiety (Goldberg Anxiety Scale score), current smoking status, and medical history was conducted with
drug usage as independent variable and CAP rate, Al index, and A2+A3 index as the dependent variables.
Medical history was categorized as: no selected medical conditions, 1-2 selected medical conditions, and >2
selected medical conditions, where selected medical conditions were stroke, coronary artery disease or
myocardial infarction, congestive heart failure, hypertension, diabetes mellitus, Parkinson's Disease, dementia,
Graves’ disease, and chronic obstructive lung disease. Table S2 in the Supplemental Material details the
frequencies of the listed selected medical conditions for each medication group in each specific cohort. The
polysomnographic measures arousal index in NREM sleep (AI-NREM) and periodic limb movement in sleep index
(PLMSI) were excluded as covariates under the assumption that they are associated with the between-subject
factor drug usage and subsequently not independent of drug usage. We fitted a linear regression model for each
dependent variable without drug usage as the independent variable and one model with drug usage as the

independent variable. Afterwards, both models were compared using analysis of variance (ANOVA Type 1) to



test the main effect of drug usage on CAP parameters while controlling for the effects of the previously listed

variables. Regression coefficients were post-hoc standardized using their standard deviation.

Results

The median age of participants in the SOF sample was 82 years, and participants had a median BMI of 27.0 kg/m?.
The median scored sleep time was 352 min with a median percentage of sleep in stage N1, N2, N3, and REM of
4.4%, 54.9%, 19.7%, and 18.4%, respectively. Participants in the SOF sample experienced a median AI-NREM of
20.0/h and a median AHI of 11.7/h. The median PLMSI among the SOF sample was 21.9/h. Participants in the

SOF sample had a median CAP rate of 54.3% with an Al index of 13.8/h and an A2+3 index of 44.7/h.

In the MrOS sample, the median age of participants was 76 years, and participants had a median BMI of 26.7
kg/m?. Participants in the MrOS sample slept a median percentage of sleep in stage N1, N2, N3, and REM of
6.0%, 62.8%, 10.0%, and 19.6%, respectively, with an overall scored median sleep time of 360 min. The median
AI-NREM for participants in the MrOS sample was 22.4/h, the median AHI was 12.6/h, and the median PLMSI
was 23.6/h. The median CAP rate in the MrOS sample was 57.2%, with an Al index of 15.5/h and an A2+3 index

of 46.5/h.

Table 1 lists the details of psychotropic drug usage, demographics, and health measures in MrOS and SOF. The
percentage of participants reportedly using benzodiazepine was significantly higher in SOF than in MrQOS.

Moreover, the proportion of women using SSRIs was higher than that of men.

Association between psychotropic medication and sleep micro- and macrostructure

Table 2 details the distributions of sleep disturbances, CAP, and sleep architecture measures across sample

groups using no medication, benzodiazepine, and SSRI in MrOS and SOF.

Association between psychotropic drug usage and sleep macrostructure

MrOS participants that reported using benzodiazepine had significantly altered AI-NREM, AHI, REM latency, and
percentage of sleep in stage N2 as compared to the no medication group in MrOS (AI-NREM: 16.8 no./h (+17.2)
vs. 22.4 no./h (+15.7), adjusted Mann-Whitney U P =0.038; AHI: 7.2 no./h (+12.1) vs. 12.7 no./h (#17.9), adjusted

Mann-Whitney U P = 0.016, REM latency: 72.0 min (+61.0) vs. 61.0 min (£34.0), adjusted Mann-Whitney U P =



0.013; Percentage of stage N2 sleep: 66.2% (+14.4) vs. 62.6% (+12.8), adjusted Mann-Whitney U adjusted P =
0.046). SOF participants using benzodiazepine showed sleep architecture and levels of disturbance similar to

their respective no medication groups.

SSRI users in MrOS experienced a significantly prolonged sleep latency, and REM latency, as well as a significantly
lower percentage of REM sleep as compared to participants in MrOS with no psychotropic medication intake
(sleep latency: 25.0 min (+32.8) vs. 15.0 min (+19.5), adjusted Mann-Whitney U P = 0.008; REM latency: 124.0
min (£90.0) vs. 61.0 min (£34.0), adjusted Mann-Whitney U P < 0.001, Percentage of REM sleep: 17.1% (+8.9)
vs. 19.7% (+8.6), adjusted Mann-Whitney U P < 0.001). In SOF, SSRI users had a significantly higher PLMSI, and a
significantly lower percentage of REM sleep compared to SOF participants who did not use psychotropic
medication (PLMSI: 54.7 no./h (59.7) vs. 18.4 no./h (50.8), adjusted Mann-Whitney U P = 0.018; Percentage of

REM sleep: 17.1% (+8.9) vs. 19.7% (+8.6), adjusted Mann-Whitney U P = 0.003).

Association between psychotropic drug usage and sleep microstructure

With regards to sleep microstructure, MrOS participants using benzodiazepines showed a significantly lower Al
index, as well as a significantly higher sigma power as compared to no psychotropic medication users (Al index:
5.5 no./h (+11.8) vs. 16.0 no./h (+20.6), adjusted Mann-Whitney U P < 0.001; sigma power: 2.5 uV? (+1.8) vs. 1.9
uV2(+1.3), adjusted Mann-Whitney U P < 0.001). CAP rate and A2+3 index were slightly altered in benzodiazepine
users as compared to no psychotropic medication users in MrOS but did not reach statistical significance (CAP
rate: P=0.145, A2+3 index: P=0.414). There were no significant alterations in CAP measures (P>0.500 for all three
CAP measures) for benzodiazepine users in SOF but a significantly higher sigma power (sigma power: 3.0 pV?
(+1.6) vs. 2.2 V2 (+1.4), adjusted Mann-Whitney U P = 0.013) compared to no psychotropic medication users in

SOF.

SSRI users in SOF had a significantly higher A2+3 index, and beta power in comparison to women who did not
use psychotropic medication (A2+3 index: 69.3 no./h (+34.0) vs. 42.7 no./h (¥32.5), adjusted Mann-Whitney U P
= 0.003; beta power: 0.7 pV? (£0.3) vs. 0.5 pV? (+0.3), adjusted Mann-Whitney U P = 0.012). SSRI users had a
slightly higher CAP rate as compared to no psychotropic medication users in SOF but it did not reach statistical
significance (CAP rate: P=0.249). Additionally, no significant differences were found for Al index between SSRI

users and no psychotropic drug users in SOF (Al index: P=1.000). There were no significant differences in CAP
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measures (P=1.000 for all three CAP measures) but significantly higher beta power (beta power: 0.6 pV? (+0.5)
vs. 0.5 puVv? (0.3), adjusted Mann-Whitney U P = 0.018) between SSRI users and no psychotropic drug users in

the MrOS cohort.

Multivariable regression analysis

Tables 3 lists the standardized regression coefficents and ANOVA outcomes of the multivariable regression
analysis assessing the main association between benzodiazepine and SSRI usage, respectively, in MrOS and SOF
adjusted for age, BMI, AHI, self-reported health status, depression symptoms (Geriatric Depression Scale score),

anxiety (Goldberg Anxiety Scale score), current smoking status, and medical history.

In MrOS, benzodiazepine usage was significantly associated with a lower CAP rate and Al index, and a higher
A2+3 index in the adjusted regression model (CAP rate: P=0.039, Al index: P < 0.001, A2+3 index: P=0.009),
whereas SSRI usage had no significant association with sleep microstructure. On the contrary, SSRI usage was
significantly associated with higher CAP rate and A2+A3 index in SOF even after adjusting for multiple
confounders (CAP rate: P=0.046, A2+3 index: P=0.004). Regarding benzodiazepine usage, a pattern similar to
MrOS was observed in SOF indicated by the standardized regression coefficients (MrOS: f=-0.11, SOF: =-0.10),

but potentially limited by the smaller sample size (Al index: P = 0.060).

Discussion

Our analysis suggests that SSRIs are significantly associated with sleep microstructure in community-dwelling
women aged 79 or older, whereas benzodiazepines are significantly associated with sleep microstructure in
community-dwelling men aged 67 or older. Our data suggest larger sleep continuity and lower sleep
fragmentation in older men using benzodiazepine, indicated by a significantly lower CAP rate. A-phase subtype
analysis revealed a significantly lower Al index for benzodiazepine users, implying a reduction in synchronized
sleep patterns. The multivariable regression analysis indicated a significant but weak association between
benzodiazepine usage and the frequency of A2+3 phases. SSRI usage was not significantly associated with sleep
microstructure in older men. However, SSRIs appeared to be associated with sleep instability in older women,
as shown by a significantly higher PLMSI among SSRI users. The higher sleep fragmentation in SSRI users is
supported by a significantly higher CAP rate and A2+3 index, suggesting less synchronized sleep. To the best of
our knowledge, this is the first detailed analysis of the association between psychotropic drugs and sleep micro-

and macrostructure in older men and women using a large sample of community-dwelling participants that were

11



not selected based on psychotropic drugs drug usage or sleep problems. The outcomes of our analysis are
summarized in Table 4. Our results suggest that CAP analysis can help to enhance the current knowledge on
sleep altering mechanisms induced by psychotropic drugs by identifying potential differences based on

medication class.

Numerous studies on the effect of benzodiazepines on sleep have shown that benzodiazepines have a preserving
effect on sleep continuity and efficiency.” In particular, in artificially created perturbing sleep environments
simulating insomniac conditions, benzodiazepines significantly reduce the level of sleep fragmentation induced
by acoustic perturbation, as shown by a significantly lowered CAP rate.?*?? Our data corroborate previous
findings that were mostly obtained in individuals with chronic insomnia or in situational insomnia on the
reduction of CAP sequences associated with benzodiazepine usage, mainly supported by a significantly lower
number of Al subtypes. Although the reduction in CAP phases and slow-wave sleep patterns (Al phases) among
benzodiazepine users did not reach statistical significance in the cohort of older women possibly due to the
limited sample size, smaller effect size, impact of sleep disorders, or older age in SOF, a similar direction was
observed to that seen in the cohort of older men. Our data suggest that previous reports on the association of
benzodiazepine and sleep microstructure translate to the broader population of older people with presumably

fewer, milder insomnia symptoms.

The significantly lower AI-NREM and AHI as sleep disturbance measures supported the trend towards lower
sleep fragmentation in MrOS participants using benzodiazepine. Previous studies on the effect of
benzodiazepine usage on sleep apnea have reported only limiting or conflicting information. A placebo-
controlled, double-blind study evaluating the influence of nitrazepam, a commonly prescribed benzodiazepine,
on apnea frequency and severity reported no negative effect on sleep apnea in patients with mild to moderate
sleep apnea.3® Our results suggest no difference in clinical importance either as benzodiazepine users and the
no medication group indicate mild sleep apnea symptoms, although benzodiazepine users had a lower AHI. EEG
power spectra analysis revealed a significantly larger sigma activity for benzodiazepine users in both cohorts as
compared to the respective no medication group but no significant differences in slow-wave activity. Sleep
staging measures used in the clinical setting focussing on sleep architecture indicated a pattern towards slow-
wave sleep (N3) reduction that did not reach statistical significance. Hence, CAP metrics were more sensitive

than the conventional sleep staging method to the adverse impact of benzodiazepine on slow-wave activity.

Moreover, our results show a 10% higher PLMSI in the benzodiazepine group compared to the no medication
group in the SOF cohort. This could be due to the significantly larger percentage of participants diagnosed with
restless leg syndrome (RLS) or periodic limb movement disorder (PLMD) prior to the sleep visit in the
benzodiazepine group as compared to the no medication group in SOF (benzodiazepine group: 18.5%, no

medication group: 5.8%, P = 0.032).
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Our results suggest that SSRI usage is adversely associated with sleep fragmentation in older women, particularly
increasing periods with high EEG desynchrony and large high frequency EEG activity. We also report a
significantly greater PLMSI in older women using SSRI compared to older women using no psychotropic
medication, supporting the link of periodic limb movements to CAP sequences, notably A2 and A3 phases.3” This
corroborates previous findings on the association between SSRI and sleep disturbances in the same cohort,
suggesting that SSRI use is associated with concurrent sleep disturbances, sleep fragmentation, and a greater
high frequency EEG activity.3®3° However, the significantly elevated PLMSI in older women using SSRI compared
to older women using no psychotropic medication could potentially be an inherited bias due to the cross-
sectional study design resulting in an under- or overestimate of the association of SSRI with periodic limb
movements. A comparison of the number of participants reporting a diagnosis with RLS or PLMD prior to the
PSG recording showed no significant differences between the SSRI group and the group using no psychotropic

medication in SOF (no medcation: 5.8%, SSRI: 4.2%, P=1.000).

Interestingly, we did not observe the same disparity in older men. Besides the cross-sectional nature of the
study, two additional factors could explain the lack of associations between CAP rate and SSRI usage when
performing group comparisons. Most antidepressant agents activate the central nervous system and can
therefore increase arousal instability (CAP) during sleep. Also, on average, PLMSI levels for the medication group
were pathological (threshold 15/h), both in MrOS (23.4/h) and SOF (18.4/h) according to the International
Classification of Sleep Disorders — Third Edition (ICSD-3) criteria. Although PLMSI was significantly larger in the
SSRI usage group, especially in SOF (54.7/h), the CAP rate did not reach significance but was higher compared to
no medication, coupled with a significant rise in A2+3 index. Multivariate regression analysis subsequently

confirmed the significant association between CAP rate and SSRI usage in SOF.

It has been hypothesized that the A phases in CAP operate as time windows for the activation of the motor
system resulting in periodic limb movements. The acute intake of SSRIs is a risk factor for RLS,*! potentially due
to associated hyperdopaminergic side effects.*® Animal studies have shown that SSRI use causes not only
elevated extracellular serotonin levels by inhibiting the serotonin uptake but can also lead to increased
extracellular dopamine levels varying between SSRIs.*“*? Potentially, the extracellular serotonin excess is
uptaken by dopamine transporters into dopamine neurons in the brain striatum, inhibiting the uptake of
dopamine.*** Hence, sustained administration of SSRIs can lead to a decreased firing rate and burst activity of

neuronal dopamine activity,* resulting in more periodic limb movements.

The differences in outcomes for the MrOS and the SOF on the association between SSRI and sleep microstructure
may be explained by the gender variances in the association between SSRI drug usage and RLS*® or maybe due
to age or study design differences in the two cohorts. Fluoxetine has shown to be associated with RLS in women,

whereas citalopram, paroxetine, and amitriptyline appear to be more strongly associated with RLS in men.*® We
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also tested for a potential higher usage of sleep medicine such as zolpidem, melatonin, trazodone, and
acetaminophen in the male cohort that may have been used to counteract the effect of SSRI usage on sleep
fragmentation, but the prevalence of sleep medicine usage was higher in SOF than in MrOS (MrOS: 13%, SOF:
25%, P<0.001). Our results suggest a need to further investigate potential age and gender differences in sleep
responses to psychotropic medication, potentially due to different effective doses, pharmodynamics, or other
factors. While we found sex differences in the associations of benzodiazepine and SSRI use with CAP parameters,

characteristics such as age and health status between sexes may have contributed to these inconsistent findings.

A limitation of this study is the lack of information available on the dose, indication, frequency, time of
administration, duration, and half-life of the psychotropic medication. As the indication for psychotropic drug
use was not documented in the MrOS or the SOF, our results could not be adjusted to potential confounders
caused by the underlying mental health diagnosis other than Parkinson’s Disease, dementia, and mood
disorders. Further, we excluded subjects that used multiple psychotropic drugs to eliminate confounding effects.
Concommitant non-psychotropic drug treatment was not considered in our analysis. Moreover, we cannot
exclude the possibility that participants who were prescribed psychotropic drugs had preexisting sleep problems
or used other medication with possible impact on sleep such as beta-blockers, and antihistamine. Lastly, the
CAP scoring produced by our automated detection system may not always concur with manual labelling.
Although it has shown strong performance,®® high reproducibility,3' and utility for clinical research,3%#748 the
output of the classification system depends on the human scoring in the training set, which is limited by
significant inter-scorer variability. Fine tuning of the algorithm using the labels of a manually scored subset of
the cohort is not feasible due to the tedious and time-consuming nature of scoring overnight recordings.

In conclusion, we show that sleep fragmentation is associated with benzodiazepine use in older men, and SSRI
use in older women. SSRI use was associated with periodic limb movements in older women, potentially linked
to arise in desynchronized sleep patterns. Benzodiazepines promoted sleep continuity in older men, decreasing
slow-wave sleep patterns. Our results highlight the importance of including CAP parameters to amend the
understanding of differences in sleep-wake mechanisms based on psychotropic usage with possible future
indications for psychiatric disorder treatment. With the need for more reliable sleep quality measures and
quantification methods for sleep fragmentation and instability, additional enrichment to nocturnal wake bouts
and sleep macrostructure can be provided by CAP parameters, including CAP rate (the objective measure of
NREM sleep instability) and CAP-phase A subtypes (which incorporate and amplify the limited knowledge

reflected by conventional EEG arousals). Diagnostic accuracy, drug effects and pre- vs. post-treatment

comparisons may be improved should CAP metrics be routinely applied in clinical practice.

14



Abbreviations

AHI
A-phase
Al

A2

A3
B-phase
Al-NREM
BMI
CAP
EEG
ICSD-3
MrOS
NREM
PLMSI
PLMD
PSG
REM
RLS

SOF
SSRI
TCA

WASO

apnea-hypopnea index

activation phase

slow high-amplitude electroencephalography rhythms
mixture of slow and fast electroencephalography rhythms
fast low-amplitude electroencephalography rhythms
background phase

arousal index in NREM sleep

body mass index

cylic alternating pattern

electroencephalography

International Classification of Sleep Disorders — Third Edition
Osteoporotic Fractures in Men Study

non-rapid eye movement

periodic limb movement in sleep index

periodic limb movement disorder

polysomnograpy

rapid eye movement

restless leg syndrome

Study of Osteoporotic Fractures

selective serotonin reuptake inhibitor

tricyclic antidepressant

wake after sleep onset
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Table 1: Distributions of demographic and health measures across MrOS and SOF

MrOoS SOF

No medication Benzodiazepine SSRI No medication Benzodiazepine SSRI

N 2,489 85 83 330 27 24

Demographic
measures

Age, years 76.0 (8.0) 77.0 (11.0) 76.0 (8.0) 82.0(4.0) 83.0(3.5) 84.0 (3.0)

BMI, kg/m? 26.7 (4.7) 26.8 (5.8) 27.4(4.2) 26.9 (6.2) 27.5(6.2) 26.7 (7.0)

Health measures

Current smoker 48 (1.9%) 2 (2.4%) 0(0.0%) 5(1.5%) 0(0.0%) 0 (0.0%)

History of no
selected medical 845 (33.9%) 17 (20.0%) 19 (22.9%) 88 (26.7%) 6 (22.2%) 3(12.5%)
conditions*

History of 1-2
selected medical 1,386 (55.7%) 48 (56.5%) 50 (60.2%) 196 (59.4%) 14 (51.9%) 12 (50.0%)
conditions*

History of >2
selected medical 258 (10.4%) 20 (23.5%)* 14 (16.9%) 46 (13.9%) 7 (25.9%) 9 (37.5%)
conditions*

Self-reported
health status, poor 24 (1.0%) 3 (3.5%) 1(1.2%) 4(1.2%) 1(3.7%) 2 (8.3%)
or very poor

Self-reported

0, 0, o/ ¥ 0, () 0,
health status, fair 258 (10.4%) 16 (18.8%) 20 (24.1%) 65 (19.7%) 5 (18.5%) 7 (29.2%)

Self-reported
health status, 2,206 (88.6%) 66 (77.6%)* 62 (74.7%)* 261 (79.1%) 21 (77.8%) 15 (62.5%)
good or excellent

Depression
symptoms

Geriatric
Depression Scale 1.0(2.0) 2.0 (2.0)* 2.0 (3.5)* 1.0(3.0) 2.0(2.5) 2.5(3.3)
score, range 0-15

Geriatric
Depression Scale 181 (7.3%) 18 (21.2%)* 21 (25.3%)* 44 (13.3%) 6 (22.2%) 7 (29.2%)
score > 4%

Anxiety

Goldberg Anxiety
Scale score, range 0.0(2.0) 1.0 (4.0)* 2.0 (4.0)* 0.0(1.0) 1.0 (4.5) 1.0(5.3)
0-9

Goldberg Anxiety

Scale score > 45 148 (5.9%) 19 (22.4%)* 14 (16.9%)* 51 (15.5%) 10 (37.0%) 8(33.3%)

All values are presented as median * interquartile range (IQR), or as frequencies (percentage).

# Selected medical conditions: stroke, coronary artery disease or myocardial infarction, congestive heart failure, hypertension, diabetes
mellitus, Parkinson's Disease, dementia, Graves’ disease, and chronic obstructive lung disease.

& A Geriatric Depression Scale score of 5 or higher is suggestive of depression3*

$ Patients with a Goldberg Anxiety Scale score >4 have a 50% or higher chance of having a clinically important disturbance3®

* Each medication group was compared with the no medication group within each specific cohort. All tests within each medication group
were post-hoc Bonferroni corrected. Significance level for Bonferroni adjusted P values: P < 0.05
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Table 2: Distributions of sleep disturbance, CAP, and polysomnographic measures across sample groups using
no medication, benzodiazepine, SSRI, trazodone, and tricyclic antidepressants in MrOS and SOF

Mros SOF
No medication Benzodiazepine  SSRI No medication Benzodiazepine  SSRI
N 2,489 85 83 330 27 24
Sleep disturbance measures
AI-NREM, no./h 22.4(15.7) 16.8 (17.2)* 25.3(12.8) 19.4 (15.4) 20.7 (12.5) 26.8(19.7)
AHI at >= 3% oxygen *
desaturation. nofh 12.7 (17.9) 7.2(12.1) 15.6 (26.1) 10.7 (15.3) 13.3(12.3) 16.7 (24.5)
PLMSI, no./h 23.4(51.9) 26.1(57.5) 33.5(58.2) 18.4 (50.8) 28.4 (48.5) 54.7 (59.7)*
CAP measures
CAP rate, % 57.5(21.2) 52.1(22.7) 58.2 (17.4) 54.0(26.1) 50.0 (20.1) 62.7 (22.1)
Alindex, no./h 16.0 (20.6) 5.5 (11.8)* 15.4 (19.4) 14.3 (18.4) 9.0(12.9) 8.7(21.0)
A2+3 index, no./h 46.2 (31.3) 51.1(25.9) 48.5(29.7) 427 (32.5) 52.0(27.4) 69.3 (34.0)*
Sleep architecture measures
Sleep latency, min 15.0 (19.5) 15.0 (37.0) 25.0 (32.8)* 14.0 (31.8) 20.0 (34.5) 21.5 (46.0)
REM latency, min 61.0 (34.0) 72.0 (61.0)* 124.0 (90.0)* 64.0 (38.5) 62.0 (64.0) 140.0 (126.8)
Scored sleep time, min 359.0 (82.0) 351.0 (110.0) 379.0 (75.5) 356.0 (88.0) 352.0(97.0) 320.0(81.3)
P t f sl in st
1‘“—;;‘3” ageotsieepinstage | ¢4 (4.6) 5.7 (6.3) 6.3(3.7) 43(3.7) 4.4(3.0) 5.0(3.6)
, %
;e;ce”tage of sleep in stage 62.6 (12.8) 66.2 (14.4)* 66.0 (14.9) 54.3 (15.8) 58.4 (11.7) 62.2 (24.5)
L%
:e;ce“tage of sleep in stage 10.1(12.9) 7.1(15.1) 9.5(11.8) 20.4 (16.6) 12.8(17.0) 15.4 (18.7)
L%
;erce”tage of sleep in REM, 19.7 (8.6) 17.1(9.5) 17.1(8.9)* 18.8 (9.6) 21.3(8.9) 13.1 (10.9)*
A
Spectral power density
measures
Delta, pv2 16.5 (9.8) 14.5(9.2) 15.5 (12.4) 21.7 (11.5) 19.5 (7.9) 25.3(16.2)
Theta, uv2 5.3(3.4) 5.2(4.4) 5.5(4.2) 7.6(4.8) 6.6 (4.5) 9.8(4.4)
Alpha, uv2 4.2(3.0) 4.8(3.7) 3.7(3.6) 5.5(3.7) 7.0(3.3) 5.4(3.5)
Sigma, pv? 1.9(1.3) 2.5(1.8)* 1.9 (L5) 2.2(1.4) 3.0 (1.6)* 2.3(1.4)
Beta, V2 0.5(0.3) 0.6(0.3) 0.6 (0.5)* 0.5(0.3) 0.6(0.2) 0.7 (0.3)*

All values are presented as median (IQR), or as frequencies (percentage). AI-NREM, Non-rapid eye movement sleep (NREM) Arousal Index;
AHI, Apnea-hypopnea Index; PLMSI, Number of Periodic limb movement (PLM) per hour of non-rapid eye movement sleep (NREM); REM,

rapid eye movement.

* Each medication group was compared with the no medication group within each specific cohort. All tests within each medication group
were post-hoc Bonferroni corrected. Significance level for Bonferroni adjusted P values: P < 0.05
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Table 3: The association between drug usage and CAP parameters in MrOS and SOF assessed by multivariable
regression analysis adjusted for age, BMI, AHI, self-reported health, depression symptoms, anxiety, current
smoking status, and medical history.

Mros SOF
Benzodiazepine SSRI Benzodiazepine SSRI
Anova Anova Anova Anova
B P Pualue 8 F  Pvawe | B F  Pvale | p  F  Pualue
CAP rate -0.04 4.96 0.039* 0.02 1.32 0.312 -0.02 0.19 0.646 0.11 4.46 0.046*
A1l index -0.11 32.95 0.0:)1* -0.01 0.32 0.620 -0.10 3.60 0.060 -0.06 1.45 0.245
ﬁlzd-':( 0.05 5.93 0.009* 0.02 1.36 0.299 0.06 1.29 0.264 0.16 9.35 0.004*

* Significance level for P values: P < 0.05
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Table 4: Summary of significant associations between psychotropic drug usage and sleep micro- and

macrostructure

Benzodiazepine

SSRI

MrOS
(N=2,657)

Lower number of arousals per hour

Lower ratio of CAP sequences to NREM
sleep

Lower number of Al phases per hour of
NREM sleep

Larger number of A2+3 phases per
hour of NREM sleep

Prolonged REM latency

Prolonged time in stage N2

Prolonged sleep latency
Prolonged REM latency
Prolonged time in stage N2

Shortened time in REM

SOF
(N=381)

24

Larger number of periodic limb
movement per hour

Larger ratio of CAP sequences to NREM
sleep

Larger number of A2+3 phases per
hour of NREM sleep

Prolonged REM latency

Shortened time in REM




