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Study Objectives: Sleep-disordered breathing (SDB) is highly prevalent in patients with acute stroke. SDB is often underdiagnosed and associated with 
neurological deterioration and stroke recurrence. Polysomnography or home sleep apnea testing (HSAT) is typically used as the diagnostic modality; 
however, it may not be feasible to use regularly in patients with acute stroke. We investigated the predictive performance of pulse oximetry, a simpler 
alternative, to identify SDB.
Methods: The records of 254 patients, who were admitted to Boston Medical Center for acute stroke and underwent HSAT, were retrospectively reviewed. 
Oxygen desaturation index (ODI) from pulse oximetry channel were compared to respiratory event index (REI) obtained from HSAT devices. Sensitivity, 
specificity, positive predictive value (PPV), and negative predictive value (NPV) of ODI were calculated, and different ODI cutoff values to predict 
SDB were proposed.
Results: ODI had a strong correlation (r = .902) and agreement with REI. ODI was accurate in predicting SDB at different REI thresholds (REI ≥ 5, REI ≥ 15, 
and REI ≥ 30 events/h) with the area under the curve (AUC) of .965, .974, and .951, respectively. An ODI ≥ 5 events/h rules in the presence of SDB 
(specificity 91.7%, PPV 96.3%). An ODI ≥ 15 events/h rules in moderate to severe SDB (specificity 96.4%, PPV 95%) and an ODI < 5 events/h rules out 
moderate to severe SDB (sensitivity 100%, NPV 100%).
Conclusions: Nocturnal pulse oximetry has a high diagnostic accuracy in predicting moderate to severe SDB in patients with acute stroke. Oximetry can be a 
simple modality to rapidly recognize patients with more severe SDB and facilitate the referral to the confirmation sleep study.
Keywords: early diagnosis, home sleep apnea testing, hospitalized patients, obstructive sleep apnea, oximetry, stroke, oxygen desaturation index, 
sleep-disordered breathing
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INTRODUCTION

Obstructive sleep apnea (OSA) is the most common type of 
sleep-disordered breathing (SDB). OSA is characterized by 
the intermittent cessation or reduction of airflow during sleep 
due to complete or partial upper airway obstruction, whereas 
central sleep apnea (CSA) is characterized by the intermittent 
absence of both airflow and ventilatory effort. In the general 
population, the prevalence of OSA ranges from 20% to 30% in 
men and 10% to 15% in women.1 However, there is a signifi-
cant increase in the risk of SDB in patients with acute stroke, 
irrespective of the type of stroke. One meta-analysis found an 
estimated 60% to 70% of patients with stroke or transient isch-
emic attack (TIA) have sleep apnea, with higher frequencies of 
SDB in men and patients with recurrent strokes. OSA repre-
sents most SDB in patients with stroke, as only 7% were found 
to have CSA-predominant SDB.2
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Growing evidence has shown that there is an intimate rela-
tionship between OSA and stroke. OSA has been associated 
with early neurological deterioration, increased stroke recur-
rence, increased mortality, increased length of hospital stay, 
and decreased functional recovery. The adverse neurological 
outcomes correlated directly with the OSA severity based on 
the apnea-hypopnea index (AHI). Furthermore, OSA may it-
self be an independent risk factor for stroke.3–6

OSA may increase the risk of the development of stroke by 
several mechanisms. (1) Acute and chronic hypoxemia caused 
by OSA may increase sympathetic tone and activate the renin-
angiotensin-aldosterone system, exacerbating hypertension 
and arrhythmias including atrial fibrillation. (2) Intermittent 
hypoxemia generates reactive oxygen species that induce oxi-
dative stress and endothelial dysfunction, causing proinflam-
matory states and platelet aggregation, eventually promoting 
atherosclerosis and ischemic damage of the border zone areas 

BRIEF SUMMARY
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severe sleep apnea and help guide clinical management of sleep-disordered breathing in patients with acute stroke.
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and terminal artery territories. (3) Negative intrathoracic pres-
sures during apnea events may increase risk of patent foramen 
ovale shunting and reduce middle cerebral artery blood flow 
velocity. (4) An altered cerebrovascular response to hypoxia 
and carbon dioxide over time contributes to reductions in ce-
rebral blood flow.7–11

Furthermore, OSA can exacerbate early neurologic wors-
ening of a preexisting stroke by a mechanism called reversed 
Robin Hood syndrome (RRHS). Intermittent exposure to hy-
percapnia increases carbon dioxide-related vasodilation in un-
affected vessels, generating an intracranial steal phenomenon 
that decreases the blood flow velocity in the ischemic areas 
of the brain. RRHS may play a key role in clinical deterio-
ration after an acute stroke.11,12 In addition, central sleep ap-
neas are known to appear after stroke, especially in the acute 
stroke phase, whereas obstructive apneas tend to persist in the 
chronic stages. As the stroke condition improves, sleep apneas 
may decrease in intensity.13

Hospitalized patients with acute stroke present a unique op-
portunity for screening and diagnosing SDB. However, evalu-
ation for OSA is not routinely recommended as part of a stroke 
workup despite growing evidence that OSA is an independent 
risk factor for stroke.14 Importantly, clinical signs and symp-
toms of SDB (eg, sleepiness, body mass index) are not reli-
able in patients with stroke, and the Berlin Questionnaire has 
poor positive and negative predictive values among patients 
with stroke. In-laboratory attended polysomnography (PSG) 
or home sleep apnea testing (HSAT) is therefore necessary to 
diagnose SDB.15,16 The American Academy of Sleep Medicine 
(AASM) practice guideline recommends PSG, rather than 
HSAT, be used as the preferred modality for the diagnosis of 
sleep apnea in patients with a history of stroke.17 Often, how-
ever, neither PSG nor HSAT are practical for hospitalized pa-
tients because of the major costs involved or unavailability of 
these modalities. Moreover, the clinical condition may evolve 
over weeks or months poststroke13 and repeating the diagnos-
tic study to reevaluate sleep apnea may be needed but not be 
feasible in reality. Therefore, several alternatives, including 
simpler devices for screening for SDB have been proposed to 
circumvent these barriers of testing.

Oximetry is widely available, inexpensive, and simple to 
use, making it an attractive alternative in situations where the 
burden of undiagnosed sleep apnea is high. Oxygen desatu-
ration index (ODI) generated by oximetry monitoring is rea-
sonably reproducible if recorded and analyzed using the same 
device and software. Different parameters from oximetry have 
been previously investigated as a predictor for AHI, including 
the Delta index (the average of the absolute differences of oxy-
gen saturation between successive 12-second intervals). Both 
the Delta index and ODI provided similar levels of diagnos-
tic accuracy.18 Other proposed parameters require more com-
plicated analysis of oximetry recording, including nonlinear 
analysis (central tendency measure, approximate entropy), and 
spectral methods (Welch transform, wavelet transform).19–22 

We focused our study on the predictive performance of ODI for 
three reasons. First, ODI is the most widely used measurement 
and can be easily generated with commercially available pro-
grams. Second, compared to other common oximetry indices 

including CT90, ODI demonstrated a superior accuracy in pre-
dicting SDB. Third, the definition of desaturation in ODI is 
similar to the oxygen desaturation requirement for scoring a 
hypopnea episode.

The objective of this study was to evaluate the predictive 
performance of oximetry in detecting SDB in the acute stroke 
population. We hypothesized that an overnight oximetry test is 
an accurate method to identify SDB.

METHODS

Study Population
This retrospective study was conducted at Boston Medical 
Center (BMC). The study was approved by the Institutional 
Review Board of BMC. The records of 271 patients, who were 
admitted to BMC with acute stroke and underwent home sleep 
apnea testing (HSAT) between January 2015 to October 2017, 
were retrospectively reviewed. The HSAT data had been con-
tinuously collected since January 2015 in order to facilitate any 
potential research regarding acute stoke and sleep apnea, and 
was utilized for our study as well as other ongoing research 
at BMC. The inclusion criteria for implementing HSAT were: 
(1) age 18 years and older, (2) admitted to BMC due to acute 
stroke (stroke symptom onset < 72 hours) with a National In-
stitutes of Health Stroke Scale (NIHSS) score ≥ 1. Diagnosis 
of a stroke was confirmed by neurologists based on a history 
of sudden onset of a neurological deficit lasting > 24 hours and 
a brain lesion compatible with the neurological deficit under 
neuroimaging. Exclusion criteria were (1) a previous diagnosis 
of SBD or currently treated for SDB with positive airway pres-
sure therapy; (2) concomitant severe central nervous system 
diseases; (3) oxygen requirement with > 2 L oxygen/min; (4) 
intensive care unit admission.

There were 17 cases excluded from our data analysis due to 
inadequate oximetry data (poor signals, artifacts, or oximetry 
recording < 100 minutes) that impaired interpretation, leaving 
254 patients in the final analysis. Each stroke was also clas-
sified by its subtype (ischemic or hemorrhagic) and location 
(supratentorial or infratentorial).

Data Collection
The ResMed ApneaLink Air (ResMed, Poway, California, 
United States) HSAT device with a built-in oximetry sensor 
was distributed to neurology resident physicians at night. The 
resident physicians were instructed on how to connect and 
disconnect the device onto the patient and the device was re-
trieved the following morning. The data were downloaded and 
processed with ResMed ApneaLink software system version 
10.2 (ResMed, Poway, California, United States) for raw data 
analysis. The chart review of baseline demographics was per-
formed by a sleep physician.

Oximetry
The built-in pulse oximetry sensor of ApneaLink Air was uti-
lized as our source of oximetry signal. The pulse oximetry used 
in ApneaLink was Xpod 3012 Nonin (Nonin Medical, Plym-
outh, Minnesota, United States). Its sampling frequency is 1 
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Hz and it has an averaging time of 3 seconds with a resolution 
of 1% oxygen saturation (SpO2). The raw oximetry data were 
automatically scored by computerized analysis, then visually 
checked by the sleep technician and obvious artifacts in the 
oximetry signal were excluded. The ODI is the average num-
ber of desaturation episodes per hour, in which each episode 
has a ≥ 3% decrease in pulse oxyhemoglobin saturation (SpO2) 
from the average and lasts at least 10 seconds. The cumulative 
percentages of time at saturations below 90% (CT90), lowest 
SpO2 %, and average SpO2 % were also analyzed.

Home Sleep Apnea Testing
ApneaLink Air is a type III HSAT device, with a finger probe 
recording oxygen saturation and pulse rate, a nasal airflow 
with a nasal pressure cannula, and a respiratory effort sensor 
belt. The raw recording was manually scored by certified sleep 
technicians following the scoring guidelines published by the 
American Academy of Sleep Medicine (AASM). Additionally, 
the data were reviewed and interpreted by a board-certified 
sleep medicine physician utilizing ResMed AirView platform. 
Apnea was defined as a ≥ 90% reduction in airflow from base-
line for ≥ 10 seconds. Apneas were further classified as ob-
structive apnea if respiratory effort was present, central apnea 
if respiratory effort was absent, or mixed apnea if features of 
both obstructive and central apnea were present. Hypopnea 
was defined as a ≥ 30% reduction in airflow for ≥ 10 seconds 
and was associated with a decrease of ≥ 3% in oxygen satu-
ration. The respiratory event index (REI) was defined as the 
number of episodes of apnea and hypopnea per hour of moni-
toring. The REI is used as a surrogate for AHI, because HSAT 
uses monitoring time in place of total sleep time.

Data Analysis
Baseline characteristics were summarized using descrip-
tive statistics. Continuous variables were presented as the 
mean ± standard deviation and categorical variables were 
presented as a percentage. Different HSAT variables for pa-
tients with ODI < 5 and ODI ≥ 5 events/h were compared with 
Mann-Whitney U test to check the statistical significance of 
continuous data with skewed distribution. The t test was used 
for continuous data with normal distribution. Statistical signif-
icance was set at .05. A normal distribution of the data was not 
expected and so the nonparametric Spearman correlation coef-
ficients were utilized between REI and ODI and between REI 
and CT90. Linear regression analysis was applied. A Bland-
Altman plot was used to determine the agreement between 
REI and ODI.

Sensitivity, specificity, positive predictive value, negative 
predictive value, and accuracy for different cutoff points for 
ODI with 95% confidence interval (CI) were calculated. The 
prevalence of SDB in patients with stroke was set at 70% ac-
cording to the meta-analysis.2 The optimal cutoff points for the 
ODI were determined in order to identify patients with SDB 
with high sensitivity (as an exclusion and screening test, to 
rule out the presence of OSA), high specificity (as a confirma-
tion test, to rule in the presence of OSA), and, ideally, high ac-
curacy. Receiver operating characteristic (ROC) curves were 
presented for diagnosing SDB at 3 different REI thresholds 

(REI ≥ 5, 15, and 30 events/h) using ODI. The area under the 
curve (AUC) was presented for each REI threshold with the 
associated 95% CI. All data were entered into an Excel spread-
sheet (Microsoft Corp., Redmond, Washington, United States) 
and statistical analyses were generated using Medcalc (Med-
calc Software, Mariakerke, Belgium).

RESULTS

Patient Characteristics and Sleep Apnea Prevalence
Table 1 summarizes patient baseline characteristics. Of the 254 
patients enrolled, 50.7% were males, mean age was 62.8 ± 13.6 
years, and mean body mass index was 30.3 ± 8.3 kg/m2. Most 
of the patients (91.3%) had an ischemic stroke or TIA and 85% 
had stroke located in the supratentorial region. The most com-
mon preexisting comorbid conditions include hypertension 
(80.7%), hyperlipidemia (51.1%), diabetes mellitus (46.8%), 
and obesity defined as a body mass index ≥ 30 kg/m2 (36.2%).

Using ApneaLink as a reference standard, the mean REI of all 
patients was 18.5 ± 18.1 events/h. SDB was present in 181 (71.3%) 
based on an REI ≥ 5 events/h criteria. Among those patients, 66 
(36.4%) had mild sleep apnea, 62 (34.2%) had moderate sleep 
apnea, and 53 (29.2%) had severe sleep apnea. A total of 27 pa-
tients (14.9%) had predominantly CSA (central events > 50% of 
the total events). We did not discover a significant difference in 
the severity of REI between hemorrhagic or ischemic stroke and 
TIA (21.7 ± 18.5 versus 18.3 ± 18.5, P = .432) or ODI (16 ± 11.5 
versus 13.6 ± 16.7, P = .53). However, we observed higher REI 
in infratentorial stroke than in supratentorial stroke (25.8 ± 20.9 
versus 17.3 ± 17.8, P = .010). Similarly, overall ODI was higher 

Table 1—Summary of baseline characteristics (n = 254).
Characteristics

Age (years) 62.8 ± 13.6
BMI (kg/m2) 29 ± 6.78
Sex

Male 129 (50.7%)
Female 125 (49.2%)

Stroke subtype
Ischemic or TIA 232 (91.3%)
Hemorrhagic 22 (8.6%)

Stroke location
Supratentorial 216 (85.0%)
Infratentorial 38 (14.9%)

Preexisting comorbidities
Hypertension 205 (80.7%)
Diabetes mellitus 119 (46.8%)
Hyperlipidemia 130 (51.1%)
Coronary artery disease 37 (14.5%)
Atrial fibrillation 26 (10.2%)
Congestive heart failure 25 (9.8%)
Obesity (BMI > 30 kg/m2) 92 (36.2%)

Values are presented as mean ± standard deviation or frequency (%). 
BMI = body mass index, TIA = transient ischemic attack.
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in cases with infratentorial stroke (19.2 ± 19.2 versus 12.8 ± 15.6, 
P = .029). The HSAT results and oximetry results are summa-
rized in Table 2. Those who had SDB (with REI ≥ 5 events/h) 
did not differ from patients without SDB (REI < 5 events/h) in 
recording time, oximetry recording time, age, average SpO2%, 
and respiratory rate. As expected, SDB populations had signifi-
cantly higher overall REI (including supine REI and nonsupine 
REI), obstructive and central apnea events, cumulative time per-
centage with SpO2 < 90 (CT90) and < 88% (CT88).

Validity and Accuracy of Oximetry by Spearman 
Correlation, Bland-Altman Plot, and ROC Curves
Utilizing Spearman correlation coefficients, we noted there 
was a strong correlation (r = .902, P < .001) between the ODI 

and REI. The relationship between the ODI and REI with lin-
ear regression is depicted in Figure 1. The resulting regression 
equation was predicted as REI = 2.79 + 1.047 × ODI. There 
was a moderate correlation between REI and obstructive ap-
nea index (r = .608, P < .0001), central apnea index (r = .646, 
P < .0001), and mixed apnea index (r = .417, P < .0001). How-
ever, the correlation between ODI and CT90 is weak (r = .222, 
P < .001, Figure 1), as well as the other indices, including 
CT88, CT85, and CT80. Table 3 shows the correlation coef-
ficient between REI and different indices. The Bland-Altman 
plot is displayed in Figure 2, and illustrates the agreement be-
tween the REI and the ODI, with the 95% CI between −11.9 
to 18.9 events/h. The ODI slightly underestimated REI by an 
average of 3.5. Furthermore, ODI underestimates REI more in 
moderate-severe SDB than with mild SDB.

To compare the diagnostic accuracy of the ODI and CT90 
to predict SDB at different REI thresholds (REI ≥ 5, REI ≥ 15, 
REI ≥ 30 events/h), the receiver operator characteristic (ROC) 
curve is shown in Figure 3. ODI was a good predictor of SDB 
at the different REI thresholds with the area under ROC curve 
(AUC) ranging from .951 to .974. Conversely, CT90 has a sig-
nificantly lower accuracy in predicting REI with an AUC rang-
ing from .621 to .696.

Predictive Performance of Oximetry for 
Diagnosis of SDB
Table 4 presents the predictive performance of ODI for SDB 
at different REI values with sensitivity, specificity, positive 
predictive value (PPV), negative predictive value (NPV), 
and accuracy. The optimal cutoff value was chosen based on 

Table 2—Summary of home sleep apnea test and oximetry results.
Total (n = 254) REI < 5 events/h (n = 73) REI ≥ 5 events/h (n = 181) P

Age (years) 62.8 ± 13.6 61.4 ± 15.8 63.5 ± 12.8 .27
BMI (kg/m2) 29.0 ± 6.8 27.4 ± 6.1 29.6 ± 6.9 .02
Home sleep apnea test

Recording time (minutes) 514.0 ± 143.5 520.2 ± 145.5 512.4 ± 139.5 .69
REI (events/h) 18.5 ± 18.1 2.0 ± 1.5 25.0 ± 17.5  < .001

Supine REI (events/h) 17.4 ± 20.3 1.7 ± 1.6 25.0 ± 20.7  < .001
Non-supine REI (events/h) 12.4 ± 19.4 0.5 ± 1.0 16.9 ± 20.9  < .001

Obstructive apnea index (events/h) 3.1 ± 8.2 0.2 ± 1.1 4.3 ± 9.5  < .001
Central apnea index (events/h) 4.8 ± 10.1 0.2 ± 0.4 6.7 ± 11.4  < .001
Mixed apnea index (events/h) 0.2 ± 1.3 0.0 ± 0.0 0.3 ± 1.5 .08
Respiratory rate (breaths per minute) 14.0 ± 4.7 14.2 ± 5.0 14.0 ± 4.7 .76

Oximetry
Oximeter recording time (minutes) 382.0 ± 149.4 400.1 ± 153.5 380.5 ± 134.5 .31
ODI (events/h) 15.0 ± 15.6 1.8 ± 1.9 18.4 ± 16.6  < .001
Average SpO2 (%) 91.4 ± 10.3 91.5 ± 11.1 91.3 ± 10.0 .88
Lowest SpO2 (%) 75.5 ± 13.3 78.3 ± 12.8 74.3 ± 13.1 .02
CT90 (%) 21.6 ± 23.1 15.6 ± 20.8 24.0 ± 23.6  < .01
CT88 (%) 12.3 ± 17.9 8.7 ± 16.9 13.8 ± 18.1 .03
CT85 (%) 8.1 ± 15.7 6.6 ± 15.5 8.7 ± 15.8 .33
CT80 (%) 0.5 ± 2.0 0.3 ± 1.7 0.6 ± 2.1 .27

P value from Mann-Whitney U test. BMI = body mass index, CT90/88/85/80 = cumulative time percentage with SpO2 < 90/88/85/80%, ODI = oxygen 
desaturation index, REI = respiratory event index, SpO2 = oxygen saturation.

Table 3—Spearman coefficient with REI.

Variable 
Correlation 
Coefficient P

ODI .902  < .001
Obstructive apnea index .608  < .001
Central apnea index .646  < .001
Mixed apnea index .417  < .001
CT90 .222  < .001
CT88 .193  < .01
CT85 .125 .04
CT80 .148 .018

CT90/88/85/80 = cumulative time percentage with SpO2 < 90/88/85/80%, 
ODI = oxygen desaturation index, REI = respiratory event index.
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maximum accuracy while ensuring high sensitivity and well-
preserved specificity. To predict REI ≥ 5, REI ≥ 15, and REI ≥ 30 
events/h, the optimal cutoff values are ODI ≥ 5, ODI ≥ 10, and 
ODI ≥ 20 events/h, respectively. To predict SDB (REI ≥ 5 
events/h), utilizing ODI ≥ 5 events/h offers high sensitivity 
(88.4%), specificity (91.7%), and accuracy (89.3%). Similarly, 
to predict moderate SDB to severe SDB (REI ≥ 15 events/h), 
using ODI ≥ 10 events/h can ensure higher sensitivity (94.7%) 
with a reasonable specificity (82.0%) and accuracy (87.8%). 
We noted that in severe sleep apnea (REI ≥ 30 events/h), ODI 
may significantly underestimate REI. Using ODI ≥ 20 events/h 
as a cutoff can maintain a reasonable sensitivity and specificity 
while using a higher cutoff of ODI ≥ 25 or ODI ≥ 30 events/h, 
and sensitivity dropped to 69.8% and 62.2%, respectively.

Since using an ODI ≥ 5 events/h to detect REI ≥ 5 events/h 
has a specificity of 91.7% and PPV of 96.3%, ODI ≥ 5 events/h 
may be used to rule in the presence of SDB. In addition, as 
using ODI ≥ 5 events/h to detect REI ≥ 15 events/h demon-
strates a sensitivity of 100% and a NPV of 100%, we would be 
confident to exclude the existence of moderate to severe SDB 
if a patient had an ODI < 5 events/h. Using ODI ≥ 15 events/h 
to predict REI ≥ 15 events/h has a specificity of 96.4% and a 
PPV of 95%. Therefore, we would also be confident to con-
sider a patient with an ODI ≥ 15 events/h to have moderate 
to severe SDB.

DISCUSSION

To our knowledge, this is the first study that evaluates the pre-
dictive value of oximetry to predict the REI in the setting of 
acute stroke. One earlier study validating the diagnostic accu-
racy of oximetry for detection of SDB in a stroke rehabilitation 
setting concluded that nocturnal oximetry is an accurate diag-
nostic screening instrument in patients with stroke.23 Although 
prior studies have proposed HSAT as a reliable screening tool 
for acute ischemic stroke, widespread implementation of HSAT 

would require significant resources that smaller community fa-
cilities may not have access to.24 As demonstrated in our study, 
oximetry offers an attractive and accurate alternative to HSAT. 
Because of its cost effectiveness and lack of extensive training 
required for acquisition of reliable data, nocturnal oximetry 
may be more practical to implement on a wider scale. The re-
sults acquired from oximetry then can be used for further risk 
stratification and guide further evaluation, reducing the time 
delay for confirmatory testing by PSG or HSAT and commenc-
ing potential interventions, such as positive airway pressure 
(PAP) therapy, for patients with clinically significant OSA.

Because there is a high prevalence of sleep apnea in pa-
tients with acute stroke, clinicians should maintain aware-
ness for SDB in patients after stroke with a low threshold 
for pursuing testing. Whether all patients with stroke should 
undergo screening for sleep apnea—and the optimal timing 
for testing—however, is still under debate. Decisions to test 
with oximetry must be individualized and consider patients’ 
preferences, the expected ability to adhere to PAP therapy, 

Figure 1—Spearman correlation comparing REI with ODI and REI with CT90.

(A) ODI versus REI, REI = 2.79 + 1.047 × ODI. (B) CT90 versus REI. CT90 = cumulative time percentage with SpO2 < 90%, ODI = oxygen desaturation 
index, REI = respiratory event index.

Figure 2—Bland-Altman plots illustrating the agreement 
between ODI and REI.

ODI = oxygen desaturation index, REI = respiratory event index, 
SD = standard deviation.
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overall functional status, quality of life, goals of care, and life 
expectancy. Additionally, the feasibility of acquiring oxim-
etry equipment and implementing personnel may need to be 
considered. Furthermore, because oximetry only measures the 
oxygen saturation change and does not monitor nasal flow and 
respiratory effort, it is not able to distinguish OSA from CSA. 
Thus, oximetry is not an acceptable modality for diagnosing 
sleep apnea and patients still require further sleep study (PSG 
or HSAT) to confirm the diagnosis.

This retrospective study showed that ODI is strongly cor-
related with the REI generated from the HSAT. Although ODI 

slightly underestimated REI by 3.5, ODI had a very high ac-
curacy to predict REI at cutoffs of 5, 15, and 30 events/h with 
the AUC ranging from .951 to .974. CT90 was shown to have 
a much weaker correlation with REI and was less accurate in 
detecting SDB with AUC ranging from .621 to .696. The fact 
that the same set of oximetry data were utilized for generating 
both ODI and REI may be a contributing factor to the strong 
correlation between ODI and REI in our study.

In a previous study using oximetry for detection of SDB 
in a stroke rehabilitation setting,23 using ODI ≥ 15 events/h 
to predict REI ≥ 15 events/h exhibited a sensitivity of 77%, 

Figure 3—ROC curves for ODI and CT90 to predict REI ≥ 5, REI ≥ 15, and REI ≥ 30 events/h.

(A) ODI to predict REI ≥ 5 (red), REI ≥ 15 (blue), and REI ≥ 30 (green). (B) CT90 to predict REI ≥ 5 (red), REI ≥ 15 (blue), and REI ≥ 30 (green). 
AUC = area under the ROC curve, CT90 = cumulative time percentage with SpO2 < 90%, ODI = oxygen desaturation index, REI = respiratory event index, 
ROC = receiver operating characteristic.

Table 4—Predictive value of ODI for SDB at different REI cutoffs.
ODI ≥ 5 events/h
(n = 166, 65.4%)

ODI ≥ 10 events/h
(n = 134, 52.7)

ODI ≥ 15 events/h
(n = 100, 39.4)

ODI ≥ 30 events/h
(n = 38, 14.9)

REI ≥ 5 events/h
Sensitivity (%) 88.4 (82.8–92.6) 74.0 (67.0–80.2) 55.2 (47.6–62.6) 20.9 (15.3–27.6)
Specificity (%) 91.7 (82.9–96.9) 100.0 (95.0–100.0) 100.0 (95.0–100.0) 100.0 (95.0–100.0)
PPV (%) 96.3 (92.5–98.2) 100.0 100.0 100.0
NPV (%) 76.1 (67.9–82.7) 60.8 (54.8–66.5) 47.4 (43.3–51.4) 33.8 (32.1–35.5)
Total accuracy (%) 89.3 (84.9–92.8) 81.5 (76.1–86.0) 68.1 (61.9–73.8) 43.7 (37.5–50.0)

REI ≥ 15 events/h
Sensitivity (%) 100.0 (96.8–100.0) 94.7 (88.9–98.0) 82.6 (74.4–89.0) 33.0 (24.5–42.4)
Specificity (%) 63.3 (54.7–71.3) 82.0 (74.6–88.0) 96.4 (91.8–98.8) 100.0 (97.3–100.0)
PPV (%) 69.2 (64.4–73.7) 81.3 (75.3–86.1) 95.0 (88.8–97.8) 100.0
NPV (%) 100.0 95.0 (89.6–97.6) 87.0 (81.7–90.9) 64.3 (61.3–67.2)
Total accuracy (%) 79.9 (74.4–84.6) 87.8 (83.1–91.5) 90.1 (85.8–93.5) 69.6 (63.6–75.2)

REI ≥ 30 events/h
Sensitivity (%) 100.0 (93.2–100.0) 98.1 (89.9–99.9) 94.3 (84.3–98.8) 62.2 (47.8–75.2)
Specificity (%) 43.7 (36.8–50.9) 59.2 (52.0–66.0) 75.1 (68.5–80.9) 97.5 (94.2–99.1)
PPV (%) 31.9 (29.3–34.6) 38.8 (34.8–42.9) 50.0 (43.8–56.2) 86.8 (73.0–94.1)
NPV (%) 100.0 99.1 (94.4–99.8) 98.0 (94.3–99.3) 90.7 (87.3–93.2)
Total accuracy (%) 55.5 (49.1–61.7) 67.3 (61.1–73.0) 79.1 (73.6–83.9) 90.1 (85.8–93.5)

All data presented as value (lower–upper 95% confidence limit). NPV = negative predictive value, ODI = oxygen desaturation index, PPV = positive 
predictive value, REI = respiratory event index, SDB = sleep-disordered breathing.
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specificity of 100%, PPV of 100%, and NPV of 83%. This is 
similar to our result, with the sensitivity slightly higher in our 
study (82.6%) but specificity slightly lower (96.4%). Another 
study compared ODI from ApneaLink versus REI from PSG 
in the general population25 and found a good sensitivity (> 80% 
at all REI values) and excellent specificity at REI ≥ 10 events/h 
and a rather tight correlation between PSG AHI and ODI with 
AHI < 20 events/h, with a tendency for the ODI to understate 
the AHI score with AHI ≥ 20 events/h, which is also similar 
to our findings.

According to the International Classification of Sleep Disor-
ders criteria,26 diagnosis of OSA can be made with an AHI ≥ 5 
events/h in patients who have experienced a stroke. To deter-
mine a single cutoff value with both adequate sensitivity and 
specificity with ideally the maximum accuracy, we use ODI ≥ 5, 
ODI ≥ 10, and ODI ≥ 20 events/h as cutoff values to predict 
REI ≥ 5, REI ≥ 15, REI ≥ 30 events/h, respectively. ODI cutoff 
value is lower than REI value because ODI tends to underes-
timate REI, especially when the sleep apnea is more severe.

Although oximetry has been previously studied as a screen-
ing tool in the general population, its greatest value is as a tool 
to rapidly identify patients with more severe OSA and priori-
tize patients for more urgent evaluation.27–31 It seems prudent 
to differentiate patients with moderate to severe sleep apnea 
(REI ≥ 15 events/h) from the mild sleep apnea group, because 
patients with moderate to severe sleep apnea may require more 
urgent sleep study referral and treatment. Based on the differ-
ent ODI values obtained from patients with stroke, we pro-
pose different management options. For patients with ODI < 5 
events/h, we can confidently rule out the presence of moder-
ate to severe sleep apnea (sensitivity of 100%, NPV of 100%), 
but this does not exclude the possibility of mild sleep apnea 
because there is a false-negative rate of 23.9% (sensitivity of 
88.4%, NPV of 76.1%). Thus, an official sleep study may be 
considered in selected patients if they are symptomatic. For 
patients with ODI ≥ 5 to < 15 events/h, we can consider them 
at least having mild sleep apnea (PPV is 96.3%), and a rou-
tine sleep study may be suggested. For patients with ODI ≥ 15 
events/h, an urgent referral for sleep study can be considered 
as it is likely they have moderate to severe SDB (PPV is 95%). 
Nevertheless, additional studies to determine the appropriate 
ODI thresholds and proper management options are required.

Limitations
Although pulse oximetry is a convenient and inexpensive way 
to detect SDB, there are some limitations to our study. First, we 
acknowledge this is a single-center study in an academic pro-
gram and further studies are required to confirm its validity in 
a more generalized setting. In addition, our study was limited 
to the population with an acute stroke.

Another possible limitation is that we adopted the results 
from a HSAT (ApneaLink Air) as the standard to evaluate the 
predictive performance of oximetry. There are several studies 
that have shown good agreement between the REI from poly-
somnography and REI recorded by ApneaLink devices, and 
ApneaLink has been shown to be a reliable method for diagnos-
ing moderate to severe obstructive sleep apnea.25,32,33 Moreover, 
multiple studies, including the Sleep Apnea Cardiovascular 

Endpoints (SAVE) study, utilize ResMed ApneaLink device 
to generate REI result.34 Our pulse oximetry data are derived 
from ApneaLink using oximetry Xpod 3012 with a sampling 
frequency of 1 Hz and a resolution 1% SaO2. This raises some 
concerns about the reproducibility of the oximetry and general-
izability to another oximetry system. Indeed, some differences 
in ODI values were observed between ApneaLink and other 
oximetry systems. This could be explained in part by the dif-
ferent models of oximeter in oximeter acquisition and process-
ing factors, rather than patient-related factors or differences in 
proprietary ODI calculation algorithms between different sys-
tems.35 A study by Böhning et al. compared five widely used 
oximeters in clinical practice and found four oximeters had the 
same sampling frequency (1 Hz) and resolution (1% SaO2) as 
Xpod 3012 in our study. However, a high dispersion value was 
found between different oximetry systems and only one device 
with a signal resolution of 0.1% has a better reproducibility.36 
Thus, high-resolution pulse oximetry with a resolution of 0.1% 
may be a superior modality than regular oximetry.

Clinicians should also acknowledge that sampling frequency 
and averaging time can influence the performance of the oxim-
etry. Although an optimal sampling frequency has yet to be de-
termined, Nigro et al. suggest that a minimum data storage rate 
of 0.25 Hz is sufficient to avoid a loss in resolution compromis-
ing detection of oxygen desaturation.37 Averaging time refers 
to the time window used by the oximeter to produce a moving 
average of the data stream in order to act as a signal filter; this 
allows for the smoothing out of the short-term fluctuations and 
artifacts. It should be noted that different averaging times can 
produce different results with the same oximeter. For record-
ings of SpO2 in a sleep study, where short desaturations poten-
tially eliciting frequent arousals is relevant, a short averaging 
time (eg, 3 seconds) may be preferable. Although using a lon-
ger averaging time may yield a desirable level of artifact reduc-
tion, it progressively reduces the frequency and magnitude of 
arterial O2 desaturation events.38 Therefore, the corresponding 
ODI were notably decreased, causing an underestimation of 
desaturation events. Indeed, The AASM Manual for the Scor-
ing of Sleep and Associated Events: Rules, Terminology and 
Technical Specifications suggests that overnight SpO2 data are 
acceptable with an averaging time of ≤ 3 seconds at a heart 
rate of 80 beats/min, or approximately 4 beats.39 Further inves-
tigation is still needed for determining the optimal oximeter 
averaging time and data storage rate.

Importantly, another limitation of our study is we did not 
evaluate the benefit of PAP in patients with stroke and sleep ap-
nea. The benefit of PAP in reducing cardiovascular events after 
stroke remains controversial. Although several studies have 
suggested that treatment of SDB may improve stroke-related 
outcomes,40–44 other studies, including a recent randomized 
controlled trial (SAVE study), reported no difference in the 
rate of stroke or other cardiovascular events in patients treated 
with PAP compared with control patients.34,45,46 Nonetheless, 
the SAVE study demonstrated that PAP not only significantly 
reduces snoring and daytime sleepiness, but also improves 
health-related quality of life and mood. Therefore, those who 
respond satisfactorily to PAP applications should continue 
treatment. Frequent reassessment is necessary for patients who 
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undergo a trial of PAP therapy, particularly in the early post-
stroke setting, due to the theoretical potential for a reduction in 
blood pressure induced by PAP to impair cerebral perfusion.47 
In addition, there is known poor PAP adherence with a mean 
compliance rate of 37% among stroke populations, which has 
been attributed to PAP intolerance, poor motivation, and cog-
nitive deficits. This may eventually affect the potential treat-
ment benefit from PAP.48 Treatment decisions regarding PAP 
therapy must be tailored to the clinical status of the patient and 
their ability to adhere to PAP therapy.

CONCLUSIONS

In conclusion, ODI derived from oximetry was strongly cor-
related with the REI measured from the HSAT. It effectively 
identified patients with moderate to severe OSA with excel-
lent sensitivity and specificity when different cutoff values of 
ODI were applied. Given that there is a high SDB prevalence in 
the acute stroke population and SDB is often underdiagnosed, 
oximetry is proposed as a simple and inexpensive modality to 
rapidly recognize patients with more severe sleep apnea and 
facilitate referral to confirmatory sleep study. Applying ox-
imetry testing must be individualized according to the prefer-
ences of the patient. Nevertheless, future studies are required 
to determine the optimal cutoff ODI value, the timing for the 
testing, and the optimal management of SDB in patients with 
acute stroke.

ABBRE VI ATIONS

AHI, apnea hypopnea index
AUC, area under the ROC curve
CSA, central sleep apnea
CT80, time percentage with SpO2 < 80%.
CT85, time percentage with SpO2 < 85%.
CT88, time percentage with SpO2 < 88%.
CT90, time percentage with SpO2 < 90%
HSAT, home sleep apnea testing
NPV, negative predictive value
ODI, oxygen desaturation index
OSA, obstructive sleep apnea
PPV, positive predictive value
PSG, polysomnography
REI, respiratory event index
ROC, receiver operating curves
SDB, sleep-disordered breathing
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