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Stroke is the leading cause of serious long-term disability in the US, leaving less than half of
survivors able to return directly home.! Stroke recurrence, estimated as high as 17% over 5
years, also remains unacceptably high.! The use of Iytic drugs and endovascular devices
have revolutionized the care of select stroke patients in the acute setting. However, enormous
challenges remain in changing the trajectory of stroke recovery for the vast majority of
patients who do not qualify or remain disabled after these treatments, and also in preventing
the accumulating disability associated with stroke recurrence.

The role of sleep disorders in stroke outcome and recurrence has become a pressing
question. Despite estimates of greater than 50% prevalence of sleep disorders after stroke,
only about 6% of stroke survivors are offered formal sleep testing and an estimated 2%
complete such testing in the 3-month post-stroke period.2 The reasons for the low rate of
screening are at least partly related to the lack of awareness regarding sleep disorders among
stroke providers (Figure 1). This review evaluates the role of sleep disorders, including sleep
disordered breathing (SDB) and sleep-wake cycle disorders, in stroke etiology and examines
the impact of their treatment on stroke outcome.

Physiology and anatomy of breathing during sleep

During sleep, ventilation is reduced compared to wake, in parallel with the restorative and
toning-down changes that occur to heart rate, temperature and blood pressure. \Volitional or
behavioral input on breathing are absent during sleep; only brainstem neurons, peripheral
chemoreceptors and respiratory muscle afferents regulate breathing.3 Groups of
chemoreceptive neurons in the brainstem, including those of the dorsolateral pons, nucleus
solitarius and ventral medullary respiratory column, respond to changes in the partial
pressure of carbon dioxide and oxygen and thereby serve as a pacemaker regulating the
breathing rhythm.# Along with effects on the breathing pattern, these brainstem neurons
cause a reduction in the upper airway tone at sleep onset through reduced activity of airway
dilator muscles, especially the genioglossus, which forms the bulk of the tongue.3
Alternatively, the chemoreceptive neurons of the brainstem can detect increased carbon
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dioxide by peripheral chemoreceptors and initiate increased activity of the dilator muscles in
response to airway resistance or collapse.3

The stability of sleep can be affected by brief (3 to 15 second) arousals that occur in
response to changes in airflow. Respiratory events include 10 seconds or longer breathing
cessation (apneas) and 30% or greater airflow reduction with associated oxygen desaturation
or arousals (hypopneas). These are summed in a sleep study to generate an apnea-hypopnea
index (AHI)—the number of respiratory events per hour of sleep. The AHI in OSA is
typically classified as mild (5 to 14 per hour), moderate (15 to 29 per hour) or severe (= 30
per hour). Respiratory provoked arousals during sleep when breathing is otherwise reliant on
respiratory and chemical control feedback mechanisms serve to terminate the apnea or
hypopnea by opening the airway in response to collapse and to increase the rate of
ventilation in response to hypercapnia.3 Although the arousals during sleep may play an
important compensatory role in people with SDB, they may also have deleterious effects on
sleep stability and other physiologic parameters before and after stroke.

Central and obstructive sleep apnea

Two types of SDB, central sleep apnea (CSA) and obstructive sleep apnea (OSA), vary
considerably in their etiology, prevalence, relative improvement after stroke and effects on
stroke outcome. Central apneas occur most commonly in heart failure and opioid use but can
also be observed after stroke due to distinct brain lesions involving autonomic and volitional
respiratory centers.*-8 Absent airflow in OSA results from upper airway occlusion or
narrowing, which may be related to decreased activity of airway dilator muscles during sleep
with the tongue falling backward or anatomical features reducing upper airway diameter,
including craniofacial structures, enlarged tonsils and obesity.# Obstructive apneas or
hypopneas occur despite activity of the thoracic muscles (diaphragm and intercostal
muscles).? Obstructive events can be distinguished from central events during
polysomnography by detecting respiratory effort through the activity of chest and abdominal
respiratory belts. Both CSA and OSA can disrupt sleep through the frequent arousals and
desaturations, leading to fragmentation of sleep architecture and excessive daytime
sleepiness.3

The development of CSA, which includes both Cheyne-Stokes periodic breathing and ataxic
breathing pattern with primarily central apneas, is uncommon after stroke and thought to be
related to disruption of respiratory networks involved in the regulation of breathing. In a
meta-analysis of SDB after ischemic or hemorrhagic stroke or transient ischemic attack
(T1A), 72% of patients had an AHI of at least 5 per hour but only 7% of patients had
primarily central apneas.” Further, CSA tends to improve after acute stroke. In a study of
161 patients with first-ever stroke or TIA who underwent portable sleep studies within 48 to
72 hours from admission and again after 3 months, the rate of SDB decreased from 71% to
62% with a significant reduction in central apneas but not obstructive apneas.8 Additionally,
the effects of CSA on stroke outcome and the role of early therapy for CSA after stroke are
unclear. In a prospective study of stroke rehabilitation patients with a 10-year follow-up
period, the risk of death was significantly higher among patients with OSA compared to
controls but not among patients with CSA.? Continuous positive airway pressure (CPAP),
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the gold standard treatment for OSA, is only effective in about 50% of patients with CSA*
and has unclear benefit in stroke outcome.

The estimated prevalence of OSA after stroke or TIA is over 70%.” The reasons for such
high rates remain unclear though are at least partly related to positional sleep apnea, stroke-
related upper airway tone changes and untreated OSA preceding the stroke. Multiple studies
suggest that OSA is more often a preexisting condition prior to stroke rather than the
consequence of brain injury. The findings from a prospective study of sleep apnea
evaluations both before and after stroke and TIA show a similar frequency of OSA,
suggesting it is a common predisposing condition.8 Further, most prior studies have found
no link between the prevalence or severity of OSA and stroke subtype, topography or stroke
severity.810 Also, while SDB may improve over time after stroke, like other stroke-related
deficits, over half of stroke patients have an AHI > 10 per hour even after 3 months.8

Effects of obstructive sleep apnea on stroke occurrence, recurrence and

recovery

If the development of OSA precedes stroke in the majority of patients, what roles does it
play in the etiology of stroke? Population-based epidemiologic studies show that OSA
independently predisposes to stroke. In a prospective analysis of 1,189 healthy participants
in the Wisconsin Sleep Cohort study, an AHI = 20 per hour was associated with an increased
risk of stroke over the next 4 years (unadjusted OR 4.31; 95%CI 1.31-14.15; p=0.02),
though this relationship was not significant after adjustment for potential confounders.11 In
the community-based Sleep Heart Health Study, 5,422 healthy participants without stroke
were evaluated with polysomnography and followed for a median of 8.7 years.12 An AHI >
15 per hour was 30% more common among participants who had an ischemic stroke
compared to those who remained stroke-free. Men with moderate or severe OSA had an
almost threefold increased risk of ischemic stroke compared to those without OSA, with an
estimated 6% increased risk of stroke per unit increase in the AHI from 5 to 25 per hour,
whereas women had an increased risk of stroke only with an AHI > 25 per hour. In an
observational cohort study of 1,022 clinic patients referred for sleep evaluation, patients with
OSA had a nearly two-fold increase in stroke or death from any cause after a median of 3.4
years independent of known vascular risk factors and with increased risk associated with
OSA severity.13 A meta-analysis of 17 population or clinic-based, prospective cohort studies
revealed that moderate to severe OSA significantly increased cardiovascular risk, in
particular the risk of fatal or non-fatal stroke (RR 2.02, 95%Cl 1.4-2.9).14

Along with functioning as an independent risk factor for stroke, OSA can also increase the
risk of stroke through effects on traditional stroke risk factors, especially hypertension. In
the Wisconsin Sleep Cohort Study, a dose-response association was noted between the AHI
at baseline and the development of hypertension, where participants with moderate OSA
compared to those with an AHI of 0 had approximately three times the odds of having
hypertension at a 4-year follow-up.1® The presumed mechanism through which OSA may
lead to hypertension is through high levels of sympathetic activity during apneas and the
associated blood pressure surges during sleep, which are enhanced further by arousals and
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sleep fragmentation.1? In a study comparing blood pressure and sympathetic nerve activity
among patients with OSA to age- and sex-matched subjects without OSA, sympathetic nerve
activity was significantly higher in those with OSA during both wakefulness and sleep.16 In
this study, apnea-induced nocturnal hypoxemia resulted in progressive increases in
sympathetic nerve activity with subsequent surges in blood pressure as high as 240/130 mm
Hg upon the cessation of apneas.18 Along with direct increases in oxidative stress, the
effects of the OSA-related sympathetic activity likely contribute to sustained daytime
hypertension and a blunted response to nocturnal dipping, the normal toning down pattern of
sleep where blood pressure typically decreases by at least 10% of awake values.1” Such a
non-dipping blood pressure pattern has been noted in 48-84% of patients with OSA, with
increased frequency associated with OSA severity.18

Once stroke has occurred, observational studies suggest that OSA has a negative effect on
outcome by predisposing to recurrent stroke, increasing the risk of mortality and worsening
functional recovery. In a prospective cohort study of 166 patients with ischemic stroke who
underwent a sleep study about 2 months after the acute hospitalization, CPAP was offered to
96 patients (58%) with an AHI of at least 20 per hour.19 After a period of 7 years, patients
with moderately severe OSA who could not tolerate CPAP had a nearly three-fold increased
risk of non-fatal cardiovascular events, particularly recurrent stroke, compared to those who
were either adherent to CPAP, those without OSA, or those with mild disease combined (HR
2.87,95% CI 1.1-7.7; p=0.03). The number needed to treat to prevent one nonfatal vascular
event with CPAP was 5 patients (95% CI 2-19). In another prospective cohort study of 132
patients undergoing stroke rehabilitation and followed over 10 years, the presence of
moderately severe OSA in patients after stroke was associated with a 75% increase in the
risk of early death compared to patients without OSA independent of disability and
traditional stroke risk factors.? Several observational studies suggest that OSA may also be a
predictor of poor functional outcome after stroke, increasing the risk of short-term
neurologic worsening and of long-term dependency. In a study evaluating blood pressure
and OSA severity among 41 patients with acute ischemic stroke, sleep apnea severity was
associated with worsened stroke severity on day 1 and modified Rankin scale scores at
hospital discharge.2C In this study, the non-dipping blood pressure pattern was more
common among patients with OSA and was strongly associated with severe strokes and poor
outcomes. In another study of 61 patients with ischemic and hemorrhagic stroke admitted to
a rehabilitation unit, OSA was found in 60% of patients and was significantly and
independently associated with worse functional impairment and a 40% longer rehabilitation
stay.?! The mechanism by which OSA may lead to worse stroke recovery is unknown
though thought to possibly be related to the deleterious effects on the injured brain,
including fragmented sleep in the setting of impaired cognitive function and the effects of
intermittent hypoxemia on the ischemic penumbra and on neuronal plasticity.2?

Treatment of obstructive sleep apnea

Prevention of stroke

The gold-standard treatment for OSA is CPAP. Alternative treatments, including oral
mandibular advancement appliances and upper airway surgery, have not been studied after
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stroke and are not practical in the acute stroke setting. Along with issues related to tolerance
with high rates of patients discontinuing CPAP entirely and reduced adherence, barriers for
CPAP use after stroke also include logistic difficulties and access to sleep apnea testing for
patients with severe disability or immobility. Nonetheless, if proven effective in stroke
prevention and recovery, CPAP could be a noninvasive and relatively inexpensive
intervention that could improve stroke outcome and help prevent second stroke.

Only a few randomized controlled trials have evaluated the use of CPAP in secondary
prevention. In one small, secondary prevention trial evaluating cardiovascular survival, 140
ischemic stroke patients were randomized within 3 to 6 days to early CPAP or to
conventional treatment.23 Although the mean time to the next cardiovascular event was
longer in the CPAP group (14.9 vs. 7.9 months, p=0.044), the overall cardiovascular event-
free survival after 2 years was similar in both groups. Limitations of this study included the
per-protocol analysis, small sample size and poor study retention, with a 20% dropout
among patients assigned to CPAP. In the multicenter Sleep Apnea Cardiovascular Endpoints
(SAVE) study, 2717 patients with established coronary artery or cerebrovascular disease and
a diagnosis of moderate-to-severe OSA were randomized to CPAP or usual care.?* After a
mean follow-up of 3.7 years, treatment with CPAP did not prevent recurrent cardiovascular
events though the mean CPAP usage time of 3.3 hours per night did not meet the study’s
criterion for CPAP adherence, > 4 hours of use per night over the first 2 years, making it
problematic to estimate actual treatment efficacy. In a prespecified, one-to-one propensity
score-matched analysis, participants with = 4 hours of use per night compared to matched
participants in the control group had a lower risk of stroke (relative risk, 2.29; 95% CI, 1.05-
4.99; p=0.04). This trend was further evaluated in a recent meta-analysis examining both
primary and secondary stroke prevention in seven randomized controlled trials assessing the
occurrence of major cardiovascular events and the treatment of moderate-to-severe
obstructive sleep apnea with CPAP.25 Treatment with CPAP for a mean duration of 3.5 hours
per night at a mean follow-up of 37 months did not demonstrate significant reduction in the
incidence of major cardiovascular events though serial sensitivity analyses excluding studies
with poor CPAP adherence showed an incremental risk reduction in major adverse
cardiovascular events. With the exclusion of the SAVE trial, there was a significant 58% risk
reduction of major cardiovascular events. A subgroup analysis showed similar results,
demonstrating a decreased incidence of major cardiovascular events when CPAP was
consistently used for = 4 hours per night. Thus, the shortage of data from randomized trials
demonstrating clear efficacy of CPAP in reducing stroke occurrence or recurrence may be
related to not achieving an adequate dose of CPAP treatment.

roke outcome

While observational studies have demonstrated worse recovery in stroke survivors with
OSA, the benefit gained from treatment with CPAP on functional recovery remains
unknown. Some studies have shown an improvement in stroke severity, depressive
symptoms, motor and cognitive recovery and sleepiness,22:23:26-29 while others have shown
no difference in stroke severity, anxiety, depression, sleepiness and fatigue (Table 1).39:31 |n
many of these trials, CPAP adherence and study retention may have been insufficient to
produce a clear neurologic or functional benefit. Also, studies with high CPAP adherence
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and participant retention which were able to show short-term benefits after stroke were
typically confined to the supportive inpatient environment. Despite these mixed results, a
pooled analysis of 5 studies including nearly 400 ischemic stroke patients with OSA
demonstrated greater short-term neurological improvement with CPAP than without.32 The
authors concluded that further investigation with an adequately powered randomized
controlled trial was needed, though addressing these twin issues of poor tolerance and
adherence will be fundamental to realizing the full benefits, if any, of CPAP on stroke
recovery.

To date, no randomized trials of CPAP after stroke have been sufficiently powered and
demonstrated adequate treatment adherence. The upcoming, phase 3 Sleep for Stroke
Management And Recovery Trial (Sleep SMART; NCT03812653) will evaluate in over
3,000 participants the treatment of OSA with CPAP on both secondary stroke prevention and
acute stroke recovery within the NIH StrokeNet, a network of more than 200 stroke trial
sites across the U.S. In order to address issues related to adherence, Sleep SMART will
randomize to either CPAP or control only patients with at least 4 hours of CPAP use on a
single-night run-in. As such, Sleep SMART may be able to define, for the first time, the role
of adequate CPAP therapy within a sufficiently powered study.

Adherence to treatment with continuous positive airway pressure

Long-term adherence to CPAP among stroke patients is lower than in individuals without
stroke, with estimates ranging between 12 to 25% when CPAP is initiated soon after a
stroke. A dose-response relationship between CPAP use and stroke outcome likely exists,24
and the optimum cutoff for CPAP use necessary to improve stroke outcome may need to be
higher than for other symptomatic benefits. Yet treatment with CPAP during the early period
after stroke is a challenge for stroke survivors, and the burden of CPAP therapy can be
overwhelming.

Compared to the general OSA population, stroke patients with OSA have less daytime
sleepiness, making altering patient perceptions of symptomatic benefit from CPAP
particularly challenging. Recent trials, however, have shed some light on potential ways to
improve CPAP tolerance and adherence. Early CPAP adherence has been shown to be
strongly predictive of long-term CPAP use. Among 275 patients with established
cardiovascular disease who were randomized into the active CPAP arm of the multicenter
SAVE trial, adherence to CPAP declined from 4.4 + 2 hours per night at 1 monthto 3.3+ 2.4
hours per night at 12 months and the only predictors of CPAP adherence at one year were
early CPAP use and initial side effects from CPAP.33 In an effort to improve early tolerance,
many studies have focused on interventions to optimize CPAP use and minimize side effects,
including closer monitoring, increased encouragement and education, and continual CPAP
adjustments to troubleshoot potential side effects with treatment.22:23.27 |mprovement in
CPAP adherence in stroke patients has also been linked to intensive support by nursing staff
and other providers. In a randomized trial during stroke rehabilitation where the average
daily use of CPAP was 4.96 hours over a one month treatment period, nurses were trained to
administer CPAP to study patients with increased inpatient monitoring and support, which
likely influenced environmental and social factors for adherence.2? Psychological variables,
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including coping strategies, may also influence CPAP adherence and behavioral
interventions to increase patient motivation to use CPAP have shown some success in the
general population. However, in one recent randomized controlled trial, Sleep Apnea in
Transient Ischemic Attack and Stroke (SLEEP TIGHT), patients with recent stroke or TIA
who were assigned to an enhanced intervention with behavioral therapy showed similar
CPAP use after 12 months compared to patients with the standard intervention.3

Sleep-wake cycle disturbance and stroke

The association of sleep and stroke extends beyond SDB to disorders of the sleep-wake
cycle, including long and short sleep duration, circadian rhythm disorders and insomnia.
Approximately half of stroke survivors have insomnia.3® In a study utilizing
polysomnography and Multiple Sleep Latency Tests 12 months after stroke, sleep latencies
were longer and sleep efficiency was worse among motor-impaired, right hemisphere stroke
patients compared with age and sex-matched controls.36 These findings were not related to
SDB or periodic limb movements, which did not differ between the groups. Insomnia has
also been associated with higher rates of incident stroke and worse post-stroke outcome. A
Taiwan administrative data study examined 21,438 people with insomnia and 64,314 without
who were age and sex matched.37 Those with insomnia had a 54% increased risk of stroke in
the ensuing four years. In a study of 123 inpatient rehabilitation patients, insomnia but not
SDB was associated with worse activities of daily living ability and less rehabilitation
improvements after adjusting for confounders.38 As a treatment, Cognitive Behavior
Therapy (CBT) has shown preliminary efficacy as a treatment for insomnia post-stroke.3°

Other disturbances of the sleep may also predispose to cerebrovascular disease. People who
have rotating shift work may have increased stroke risk, perhaps related to sleep-wake cycle
disruption. A report from the Nurses’ Health Study suggested a 4% increased ischemic
stroke risk in nurses with rotating night shift work schedules.*° Suboptimal sleep duration
has also been linked to increased risk of stroke. In a meta-analysis of 16 prospective studies,
a J-shaped association was observed between sleep duration and total stroke with the lowest
risk noted in people sleeping for 7 hours.#? Longer sleepers had a higher risk of stroke than
short sleepers with a 13% increased risk of total stroke for every 1 hour increment of sleep
duration above 7 hours.

One of the most intriguing and disturbing hypotheses about the relationship of sleep
disturbances and stroke is that it is, in part, responsible for the increased stroke risk among
poor and minority populations.#2 Different data sources find that populations who reside in
inner cities are frequently kept awake at night by loud environmental sounds such as
industrial plants, sirens and public and private transport vehicles. These result in reduced
total sleep, insomnia, reduced sleep efficiency and excessive daytime sleepiness.*3 Several
studies have suggested increased stroke risk in low socio-economic status neighborhoods. It
is possible that reduced sleep duration and reduced sleep quality are links between
neighborhood disadvantage and stroke.*
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Conclusion

It is apparent that there is an association of both SDB and other sleep impairments with
stroke. Sleep disturbances appear to be both a stroke risk factor for, and worsened by stroke.
As such, remedies to reduce sleep impairments may have important roles in both primary
and secondary stroke prevention. On-going clinical trials will determine whether prompt
treatment of SDB will improve outcome and reduce second stroke. Further, increased
attention on reducing insomnia through cognitive behavior therapy, and the general
recognition of the importance of sleep may improve non-SDB sleep disturbances. Sleep
disturbances, while equally prevalent among different race/ethnic populations,*® are more
profoundly felt by the poor and minority groups due to these populations’ more prevalent
location in cities where noise, light and other impediments to sleep are more common.

The anatomy, physiology and clinical data paint a coherent picture of sleep disturbance as
both risk for stroke and linked to poor stroke outcome. Researchers and clinicians are poised
to bring this often overlooked stroke risk factor into the limelight with new vigor.
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Reasons for low rates of

sleep disorder screening

* Access to testing

» Unclear timing for
testing after stroke
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of sleep disorders

» Clinical equipoise
with treatments
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Potential causes and consequences of untreated sleep disorders after stroke with proposed
mechanisms leading to increased risk of stroke and poor stroke outcome.
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Randomized controlled trials of CPAP and stroke recovery where treatment was initiated on average within 1
month of stroke and for a treatment period of at least 4 weeks.

Study Patients Treatment Attrition Aver age adherence, hour g/night Outcomes
treated with duration and ratein
CPAP location CPAP group
Sandberg et 33 with AHI 28 days within 2/33 (6%) 41+36 Improvement in
al. (2001)% >15 rehabilitation unit (16/31 with > 4 h/night) depression but not ADL,
cognitive function or
delirium
Hsu et al. 15 with AHI 8 weeks within 4/15 (27%) 1.4 No improvement in ADL,
(2006)31 230 hospital and (2/15 with > 6 h/night) stroke severity, cognitive
home function, anxiety,
depression, sleepiness or
QOL
Bravata et 16 with 30 days within 9/31 (29%) 51+23 Improvement in stroke
al. (2011)% airflow hospital and (10/16 with = 4 h/night on = 75% severity (with greater
limitation on home nights) improvement associated
auto-titrating with more CPAP use)
CPAP
Brown et al. 15 with AHI 3 months within 7/15 (47%) Estimated < 1 (median 53 hours over No improvement in
(2011)%0 >5 home median 16 days) sleepiness, fatigue, ADL,
depression or stroke
severity
Parra et al. 71 with AHI 24 months within | 20/71 (28%) 53+19 Improvement in stroke
(2011)3 =25 hospital and severity and ADL at 1
home month but not 3, 12, 24
months and no difference
in QOL
Ryan et al. 25 with AHI 4 weeks within 3/25 (12%) 4,96 £ 2.25 Improvement in stroke
(2011)%2 >15 rehabilitation unit severity, sleepiness, motor
function, depression but
not cognitive function,
walking, sustained
attention or executive
function
Aaronsonet | 20 with AHI 4 weeks within 6/20 (30%) 2.5+ 2.8 (7/20 with > 4 h/night for =5 Improvement in attention
al. (2016)® 215 rehabilitation unit days/week) and executive function

(with greater
improvement associated
with more CPAP use) but
not other domains of
cognitive function, stroke
severity, ADL, sleep
quality, sleepiness,
fatigue, depression or
anxiety

AHI= apnea-hypopnea index; CPAP= continuous positive airway pressure; ADL= activities of daily living; QOL= quality of life
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