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Abstract

Rationale: Obstructive sleep apnea (OSA) is common among patients with acute ischemic stroke 

(AIS) and is associated with reduced functional recovery and an increased risk for recurrent 

vascular events.

Aims and/or hypothesis: The Sleep for Stroke Management and Recovery Trial (Sleep 

SMART) aims to determine whether automatically-adjusting continuous positive airway pressure 

(aCPAP) treatment for OSA improves clinical outcomes after AIS or high-risk transient ischemic 

attack (TIA).

Sample size estimate: 3,062 randomized subjects for the prevention of recurrent serious 

vascular events, and among these, 1,362 stroke survivors for the recovery outcome.

Methods and design: Sleep SMART is a phase III, multicenter, prospective randomized, open, 

blinded outcome event assessed (PROBE) controlled trial. Adults with recent AIS/TIA and no 

contraindication to aCPAP are screened for OSA with a portable sleep apnea test. Subjects with 

confirmed OSA but without predominant central sleep apnea proceed to a run-in night of aCPAP. 

Subjects with use (≥4 hours) of aCPAP and without development of significant central apneas are 

randomized to aCPAP plus usual care or care-as-usual for 6 months. Telemedicine is used to 

monitor and facilitate aCPAP adherence remotely.

Study outcomes: Two separate primary outcomes (1) the composite of recurrent AIS, acute 

coronary syndrome, and all-cause mortality (prevention), and (2) the modified Rankin scale scores 

(recovery) at 6- and 3-months post-randomization, respectively.

Discussion: Sleep SMART represents the first large trial to test whether aCPAP for OSA after 

stroke/TIA reduces recurrent vascular events or death, and improves functional recovery.
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Introduction and rationale

Many studies have demonstrated the high frequency of sleep apnea in patients with 

cardiovascular disease (CVD), in particular those who have experienced an acute ischemic 

stroke (AIS). Obstructive sleep apnea (OSA), the predominant type of post-stroke sleep 

apnea,(1) is associated with increased mortality, poor functional outcome, and high risk of 

recurrent vascular events following AIS.(2;3) Use of the standard OSA treatment, 

continuous positive airway pressure (CPAP), is associated with better stroke outcomes and 

lower vascular risk,(4;5) but it remains uncertain whether CPAP treatment reduces CVD risk 

after stroke or improves stroke outcomes.

Several pilot trials of CPAP conducted in the acute and subacute phases of acute AIS(6;7) 

support its safety but have highlighted difficulties with adherence and uncertainties over 

effects. The clinical outcome findings are mixed and insufficient to support the routine use 

of CPAP for stroke patients. As equipoise exists and randomized trials are considered 

ethical,(8) the American Heart Association (AHA) / American Stroke Association (ASA) 
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secondary prevention guidelines explicitly support the need for a definitive trial to assess the 

effects of CPAP on stroke recovery and recurrent ischemic events.(9)

The Sleep for Stroke Management and Recovery Trial (Sleep SMART) seeks to determine 

whether, in patients with OSA, CPAP initiated early after AIS or high-risk transient ischemic 

attack (TIA) reduces the risks of recurrent AIS, acute coronary syndrome (ACS), and all-

cause mortality, and improves functional recovery from AIS.

Methods

Study design

Sleep SMART (NCT03812653) is an investigator-initiated, phase III, multicenter, 

prospective randomized, open, blinded outcome event assessed (PROBE) controlled trial. 

Enrollment over 3.5 years is planned within at least 110 of the sites that participate in 

StrokeNet, an NIH-funded stroke clinical trials network. Sleep SMART is a superiority trial 

that compares 6 months of OSA treatment with CPAP to usual care. The study maximizes 

efficiency through inclusion of two trials: a prevention study and an embedded recovery 

trial. These trials address separate questions as the underlying benefits of CPAP for each 

outcome may work through different mechanisms. Patients with recent (≤14 days) AIS or 

high-risk TIA (ABCD2 scores ≥4) are enrolled during their acute or rehabilitation 

hospitalization and treated for 6 months (Figure). After consent, a portable cardiopulmonary 

sleep apnea test is used to assess for OSA. Automatically-adjusting CPAP (aCPAP) is then 

used for one night to determine tolerability (the “run-in” night). Subjects who are able to use 

the device for ≥4 hours on that run-in night, do not have excessive treatment-emergent 

central sleep apnea, and are willing to move forward are randomized to receive either 6 

months of aCPAP plus usual care, or usual care alone. aCPAP training is provided to 

subjects in the intervention group, and includes education about aCPAP to increase treatment 

adherence. Through centralized, telemedicine-based service provided by SleepCharge by 

Nox Health, formerly FusionHealth, (Johns Creek, Ga), adherence to aCPAP is monitored 

wirelessly in near real-time, and supported remotely throughout the treatment period. Nox 

T3 sleep apnea test results are provided to subjects at the conclusion of their participation in 

Sleep SMART.

Patient population

Sleep SMART inclusion criteria are purposefully broad to enhance generalizability: adults 

(age ≥18 years) and consent obtained within 14 days of AIS or high risk TIA (ABCD2 score 

≥4). AIS is defined as an episode of neurological dysfunction caused by focal cerebral 

ischemia. The definition includes: (1) symptoms that last ≥24 hours with evidence of 

associated cerebral infarction, (2) symptoms, thought to be from focal cerebral ischemia, 

that last ≥24 hours without evidence of infarction (e.g., no brain MRI performed), (3) 

transient symptoms lasting <24 hours with associated causative infarction on brain imaging, 

and (4) symptoms that last <24 hours thought to be due to cerebral ischemia, aborted by 

thrombolytic or endovascular treatment. The exclusion criteria are provided in Table 1. All 

randomized subjects contribute to the prevention analysis. However, only subjects enrolled 
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within 7 days of AIS and with a National Institutes of Health Stroke Scale (NIHSS) score ≥1 

contribute to the recovery analysis.

Screening and randomization

The Nox T3™ sleep apnea test (Nox Medical, Reykjavίk, Iceland), a validated(10,11) 

ambulatory device that records nasal pressure, oxygen saturation, pulse, respiratory effort, 

snoring, position, and ECG, is used on the first available night after consent to screen for 

OSA. Nox T3™ data are reviewed by a sleep technologist; scoring is facilitated by the Nox 

software, Noxturnal. The Nox T3™ generates a respiratory event index (REIT3, number per 

hour of recording). Standard definitions of apneas and hyponeas are used.(12) Subjects who 

have OSA, defined by an REIT3 ≥10 events/hour and without significant central sleep apnea 

(central apnea index [CAI) ≥50% of the total REIT3), proceed to the aCPAP run-in night. 

Subjects who use aCPAP for ≥4 hours during the run-in night without treatment-emergent 

central sleep apnea (i.e., CAI remains <10 events/hour on aCPAP machine-generated 

estimates), and are willing to continue with the trial are eligible for randomization. 

Randomization (1:1) into the aCPAP plus usual care versus usual care only groups is 

performed centrally via a web-based system, using a minimal sufficient balance approach 

that prevents serious imbalances in the following important baseline covariates: site, age 

(continuous), NIHSS score (categorical), and use of intravenous thrombolysis or attempted 

endovascular therapy (dichotomous).

Intervention

aCPAP plus usual care—aCPAP is generally used, though other modalities such as 

bilevel positive airway pressure (PAP) or other PAP variants may be necessary at times for 

individual subjects. The aCPAP is delivered using the ResMed AirSense 10 AutoSet, 

successor versions of this model, or an equivalent device. Pressures can range from 4–20 cm 

H20 but can also be set to a narrower range if warranted once data on a subject’s use and 

response are available.

Following hospital discharge, CPAP care management is assumed by Nox Health. aCPAP 

adherence is monitored and maximized centrally through state-of-the-art, technology-

enabled care management. The aCPAP devices used in Sleep SMART are equipped with 

modem-based adherence-tracking systems that monitor CPAP use, mask leak, and AutoSet 

machine-estimated residual REIAS. Device data are passively uploaded via cellular signals 

across the US on a daily basis and the SleepCharge workflow platform automatically 

identifies issues with a subject’s aCPAP hours of use or its effectiveness (e.g., residual 

REIAS, mask leak). By systematically flagging potential problems using standard-of-care 

algorithms, issues are immediately escalated for a care manager review and resolution at 

SleepCharge. Care managers provide behavioral solutions for subjects, caregivers, or bed 

partners, and utilize additional algorithms to escalate medical, PAP, and technical issues to 

the appropriate technology, respiratory therapy, or board-certified state licensed sleep 

medicine physician team members. New masks, alternative masks, and other supplies are 

mailed when needed directly to the subjects. Subjects receive contact from SleepCharge at a 

frequency determined by medical, behavioral, or equipment-based needs to optimize 

adherence. Subjects may also contact SleepCharge at any time.

Brown et al. Page 4

Int J Stroke. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aCPAP is begun with the settings noted in Table 2. However, SleepCharge may adjust the 

factors identified in Table 2 remotely, or may change treatments from aCPAP to bilevel PAP 

as clinically indicated. If aCPAP success remains insufficient, SleepCharge may ask the 

site’s research team to facilitate referral to a local sleep medicine expert for assistance in 

PAP care. At the end of subjects’ participation in Sleep SMART, they are offered referral to 

a sleep medicine provider, given a copy of their sleep apnea test results, and allowed to keep 

their aCPAP equipment.

Controls: care-as-usual arm—Subjects assigned to the care-as-usual group have the 

same 3- and 6-month assessments as the intervention group. Although we expect few care-

as-usual subjects to cross over to CPAP, cross-overs are documented as a protocol violation. 

All care-as-usual subjects are offered, at the time they exit the study, referral to a sleep 

medicine provider. They are given a copy of their sleep apnea test report.

Blinding

Subjects, the local clinical team, and some of the local research team are not masked to 

treatment assignment. However, the local outcome assessors and central event adjudicators 

(DZ, DAL) are masked to treatment group. Subjects, the local clinical team, and the research 

team are masked to the sleep apnea test report details until the subject has completed 

participation in Sleep SMART.

Outcomes

Prevention outcome—The primary outcome for the prevention aim is the composite at 6 

months of new AIS, acute coronary syndrome (ACS), and death from any cause. The 

definition of stroke used for eligibility is also used for the outcome. ACS includes acute 

myocardial infarction and unstable angina defined by ECG, diagnostic biomarkers, and 

cardiac symptoms or signs.(13) Stroke and ACS outcomes are determined based on blinded 

adjudicator review.

Recovery outcome—The recovery outcomes are measured at both 3 (primary) and 6 

months. The primary outcome for the recovery aim is functional outcome as assessed by the 

modified Rankin scale (mRS)-9 question (9Q). The mRS-9Q is simple and quick, with very 

good inter-observer reliability and reproducibility, in face-to-face settings and by telephone.

(14)

The secondary outcomes include stroke severity (NIH stroke scale), quality of life (Stroke 

Specific Quality of Life Scale (SS-QOL)), and cognitive function (5-minute protocol of the 

Montreal Cognitive Assessment (MoCA).

Data Monitoring Body

Oversight of safety is performed by a National Institute of Neurological Disorders and 

Stroke-appointed StrokeNet Data and Safety Monitoring Board (DSMB). The DSMB has 

approved the protocol and monitors trial progress, including recruitment and retention, 

performance of individual sites, data quality and timeliness, as well as other issues with 
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special attention paid to patient safety, protection of trial data confidentiality, and 

maintenance of data integrity.

Sample size estimates

Prevention outcome: The sample size calculation for the prevention trial is based on 

assumptions specified in the supplemental materials. The total number of events required is 

233. The required sample size to observe this number of events, including an additional 

inflation factor of 1.1 to account for 10% loss to follow up by 6 months, is 3,062. We plan to 

conduct a blinded sample size re-estimation at the time of the single interim analysis.

Recovery outcome: The sample size calculation for the recovery aim is based on the 

assumptions specified in the supplemental materials. The sample size needed at analysis is 

872, which is inflated by a factor of 1.56 to account for 15% treatment non-use and 5% loss 

to follow-up by 3 months, yielding 1,362 subjects needed to be randomized. We anticipate 

that the required sample sizes for the recovery and prevention aims will be fulfilled 

simultaneously.

Statistical analyses

The study is designed to include, after 40% of subjects have adjudicated prevention 

outcomes available, one interim assessment of the prevention outcome for both efficacy and 

futility, and one assessment of the recovery outcome only for overwhelming efficacy. If 

stopping rules are met for either outcome, the DSMB will discuss potential protocol 

modifications to allow completion of the other aim.

Prevention outcome: A cox-proportional hazards model will be used to assess time to 

first occurrence of recurrent stroke, ACS, or mortality by 6 months. The pre-specified 

primary analysis will adjust for age and baseline stroke severity (NIH stroke scale), as both 

are important predictors of stroke recurrence and mortality. For missing data, data will be 

censored at the last assessment date, date of consent withdrawal, or 180 days after 

randomization.

Recovery outcome: A regression model will be implemented to test for mean differences 

in 3-month mRS (shift in the mean of the mRS distribution between groups). The pre-

specified primary analysis will adjust for age, baseline NIH stroke scale, and thrombolytic 

use or endovascular treatment. Missing data will be addressed with multiple imputation. For 

the secondary outcomes, mean scores will be compared between the two treatment arms and 

adjusted for the same prognostic variables as the primary analysis.

Study organization and funding

Sleep SMART is funded by the National Institute of Neurological Disorders and Stroke 

(NINDS, U01NS099043) and is implemented through StrokeNet, an NINDS-funded clinical 

trials network. The National Coordinating Center for StrokeNet is at the University of 

Cincinnati and the National Data Management Center is at the Medical University of South 

Carolina. StrokeNet has Regional Coordinating Centers across the United States that each 

has affiliated clinical trial sites.
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Discussion

Sleep SMART implements innovative approaches to enhance feasibility that are supported 

by existing literature. For example, the gold standard of in-laboratory polysomnography is 

not used in Sleep SMART to identify OSA, as this approach is often poorly tolerated in the 

AIS setting, may be logistically challenging during hospitalization, and is not necessary to 

identify AIS patients with OSA.(15) Home sleep apnea tests effectively identify OSA after 

stroke;(16,17) moreover, these devices have been commonly used in post-stroke research. 

The Nox T3™ device used in Sleep SMART has been validated against full 

polysomnography(10,11) and has advantages over some other portable sleep apnea tests in 

that it has both abdominal and thoracic abdominal effort belts, and uses respiratory 

inductance plethysmograph (RIP) technology.(18) These features would be expected to be 

particularly useful to distinguish central from obstructive apneas. The implementation of an 

aCPAP run-in night allows trial efforts to focus on subjects most likely to be adherent. 

However, requirements for first-night CPAP tolerability reduces trial generalizability.

aCPAP, in comparison to in-laboratory CPAP titration during polysomnography, has similar 

CPAP acceptance and adherence, administered pressures, event index <10 on CPAP, and 

improved sleepiness scores.(19) Use of aCPAP avoids formal titration studies that are often 

poorly tolerated just after stroke,(15) and further allows for automatic adjustment of pressure 

throughout the 6 months of treatment. This may be useful given that REI – and therefore, 

possibly the pressure required to normalize it – often decreases in the first several months 

after stroke.(20)

A telemedicine approach for Sleep SMART was adopted to standardize assessment and 

treatment across 110 sites with highly variable inpatient access to sleep medicine services. 

Telemedicine OSA management is gaining acceptance. Telemedicine-based strategies for 

CPAP management may be as effective as face-to-face visits, more cost-effective, and more 

convenient for patients.(21)

Summary and conclusions

If Sleep SMART hypotheses are confirmed, assessment and treatment for OSA will be an 

important consideration for the large majority of AIS/TIA patients. Treatment of OSA for 

stroke prevention and recovery represents a promising intervention, with strong 

epidemiological associations between OSA and stroke outcomes, plausible biological 

mechanisms,(22) observational evidence that OSA treatment is associated with an array of 

better outcomes, and availability of a relatively inexpensive, low risk treatment -- CPAP -- 

for a highly prevalent post-stroke/TIA condition.

Sleep SMART represents the first late-phase, definitive trial to address whether CPAP 

improves stroke recovery or prevents recurrences. The design efficiently addresses both 

questions, with two trial questions incorporated into one overall design. If the trial 

demonstrates better outcomes for the intervention group, the results would transform post-

stroke management. AIS and high risk TIA patients would then require screening and 

treatment for OSA. Although CPAP at present may not be well tolerated by many stroke 
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patients, data from Sleep SMART could motivate efforts to identify more acceptable 

alternatives.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 
Sleep SMART study flow.
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Table 1:

Sleep SMART enrollment criteria.

Inclusion criteria

1. Age ≥18 years

2. Consent obtained within 14 days of AIS OR high risk TIA (ABCD2 score ≥4)

Exclusion criteria

1. Pre-event inability to perform all of own basic activities of daily living (ADLs)

2. Unable to obtain informed consent from subject or legally authorized representative

3. Incarcerated

4. Known pregnancy

5. Current mechanical ventilation (can enroll later if this resolves) or tracheostomy

6. Current use of positive airway pressure, or use within one month prior to stroke

7. Anatomical or dermatologic anomaly that makes use of CPAP interface unfeasible

8. Severe bullous lung disease

9. History of prior spontaneous pneumothorax or current pneumothorax

10. Hypotension requiring current treatment with pressors (can enroll later if this resolves)

11. Other specific medical circumstances that conceivably, in the opinion of the site PI, could render the patient at risk of harm from use of 
CPAP

12. Massive epistaxis or previous history of massive epistaxis

13. Cranial surgery or head trauma within the past 6 months, with known or possible cerebrospinal fluid (CSF) leak or pneumocephalus

14. Recent hemicraniectomy or suboccipital craniectomy (i.e. those whose bone has not yet been replaced), or any other recent bone removal 
procedure for relief of intracranial pressure

15. Current receipt of oxygen supplementation >4 liters per minute

16. Current contact, droplet, respiratory/airborne precautions
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Table 2.

Initial aCPAP settings, and capability for remote adjustment by SleepCharge.

Initial default settings used in Sleep SMART SleepCharge can adjust remotely

Pressure 5-20 cm water ×

Mode Autoset ×

Expiratory pressure relief (EPR™) On ×

EPR type Full time ×

EPR level 3 ×

Ramp time Auto ×

SmartStart™/SmartStop™ On −

Humidity 4 −

ClimateLine™ tubing temperature Auto −
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