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Purpose: We designed a study investigating the cardioprotective role of sleep apnea (SA) in patients with acute myocardial infarction 
(AMI), focusing on its association with infarct size and coronary collateral circulation.
Methods: We recruited adults with AMI, who underwent Level-III SA testing during hospitalization. Delayed-enhancement cardiac 
magnetic resonance (CMR) imaging was performed to quantify AMI size (percent-infarcted myocardium). Rentrop Score quantified 
coronary collateralization (scores 0–3, higher scores indicating augmented collaterals). Group differences in Rentrop grade and infarct 
size were compared using the Wilcoxon Rank-Sum test and Fisher’s Exact test as appropriate, with a significance threshold set at 
p <0.05.
Results: Among 33 adults, mean age was 54.4±11.5 and mean BMI was 28.4±5.9. 8 patients (24%) had no SA, and 25 (76%) had SA 
(mild n=10, moderate n=8, severe n=7). 66% (n=22) underwent CMR, and all patients had Rentrop scores. Median infarct size in the 
no-SA group was 22% versus 28% in the SA group (p=0.79). While we did not find statistically significant differences, moderate SA 
had a trend toward a smaller infarct size (median 15.5%; IQR 9.23) compared to the other groups (no SA [22.0%; 16.8,31.8], mild SA 
[27%; 23.8,32.5], and severe SA [34%; 31.53], p=0.12). A higher proportion of moderate SA patients had a Rentrop grade >0, with 
a trend toward significance (moderate SA versus other groups: 62.5% versus 28%, p=0.08).
Conclusion: Our study did not find statistically significant differences in cardiac infarct size and the presence of coronary collaterals 
by sleep apnea severity among patients with AMI. However, our results are hypothesis-generating, and suggest that moderate SA may 
potentially offer cardioprotective benefits through enhanced coronary collaterals. These insights call for future research to explore the 
heterogeneity in ischemic preconditioning by SA severity and hypoxic burden to guide tailored clinical strategies for SA management 
in patients with AMI.
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Background
Obstructive sleep apnea (SA) occurs as a result of repetitive collapse of the upper airway during sleep, resulting in recurrent 
sympathetic arousals and intermittent hypoxemia (IH). Prevalence of SA is on the rise in part due to rising rates of obesity.1 

Recent estimates suggest that the global burden of moderate-to-severe SA exceeds 400 million individuals.2 SA is associated 
with atherosclerosis and cardiovascular disease (CVD),3 with a particularly high prevalence (between 60% to 70%) in patients 
hospitalized with an acute myocardial infarction (AMI).4,5 Despite this, randomized trials have not demonstrated 
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a cardiovascular benefit with continuous positive airway pressure (CPAP) – the mainstay of SA therapy – on composite 
cardiovascular outcomes.6–9 Interestingly, recent evidence from a meta-analysis indicated a protective effect of CPAP therapy 
for stroke, but no significant effect on coronary outcomes.10 Nevertheless, the mechanisms underlying this discrepancy in SA 
therapeutic effect on stroke versus myocardial infarction (MI) remain unclear. Our study therefore aims to address these 
knowledge gaps in SA and AMI, ultimately seeking to clarify how SA may influence surrogate cardiac metrics in patients with 
AMI. This will help enhance our understanding of a potential cardioprotective role of SA in a subset of patients by way of 
ischemic preconditioning.

Ischemic preconditioning in animal models has been demonstrated using a model of coronary occlusions followed by 
reperfusion, which may mimic the repetitive tissue hypoxia and reoxygenation experienced in SA.11 Further, it is hypothesized 
that these mechanisms stimulate coronary collateral formation and cellular changes that combine to make cardiac myocytes 
less susceptible to acute ischemic injury.12 The similarities between SA-induced IH and ischemic preconditioning from 
temporary interruptions in myocardial perfusion have led us to propose that SA could have a cardioprotective influence in 
AMI,13–15 particularly through enhanced coronary collateral circulation.16,17 Our prior work demonstrated that patients with 
AMI diagnosed with obstructive SA during hospitalization have less severe cardiac injury as measured by peak troponin-T 
levels 72 hours post-admission when compared to patients without SA.13 This effect was independent of confounding 
variables, and the findings were confirmed in a subsequent study.18 Additionally, in individuals with total coronary artery 
occlusion and AMI, SA was associated with enhanced coronary collateral circulation.16,17 This supports the premise that SA, 
despite reported associations with CVD,19–22 may potentially afford protection against myocardial injury in the context of 
AMI among a subgroup of patients.

To test this hypothesis, we conducted a study to assess if SA is associated with reduced infarct size and 
enhanced coronary collaterals during AMI. To our knowledge, no study has combined cardiac magnetic resonance 
imaging (CMR) to measure AMI size with coronary collateral assessment using angiography in AMI patients, both 
with and without SA. This integrated approach represents a novel direction in examining the interplay between the 
extent of myocardial injury and coronary collateral development. We hypothesized that patients with SA who have 
been exposed to recurrent IH before experiencing an AMI are likely to demonstrate more robust coronary 
collateral circulation and experience smaller myocardial infarct size.

Materials and Methods
We screened and recruited adults (age >21 years) admitted for AMI to two New York City hospitals – including 
Montefiore Medical Center (Bronx, NY), and Mount Sinai (New York, NY). Medically stable patients were approached 
for participation in the study after cardiac catheterization (Figure 1a). Informed written consent was obtained from all 
patients and the study was approved by the Montefiore Medical Center (IRB 10–03-061E) and Mount Sinai IRB 
(15–01256). Consented participants underwent Level III SA testing and CMR prior to discharge. Our inclusion criteria 
were: adult patients with a primary (first-ever) ST-Elevation MI (STEMI, defined by the 3rd Universal defintion23) or 
non-ST-elevation MI (NSTEMI) defined by standard criteria23 who required percutaneous coronary intervention (PCI). 
We deferred enrollment of individuals with circulatory shock (defined as systolic blood pressure <90 mm Hg or requiring 
vasopressor treatment), those requiring mechanical ventilation, intra-aortic balloon pump, certain medications such as 
narcotics and sedatives, and those requiring supplemental oxygen. These patients were later reconsidered for recruitment 
once off the respective treatment and once hemodynamically stable. Exclusion criteria were inability to undergo CMR 
with contrast, such as those with an estimated glomerular filtration rate (eGFR) of less than 30mL/min/1.73 m2, an 
intracardiac device, unwillingness or inability to provide informed consent, pregnancy, prior AMI or history of PCI or 
surgical revascularization (to minimize chronic multi-vessel disease with associated collateralization and remove the 
influence of in-stent thrombosis/restenosis or disease bypass grafts), known/treated SA, or no requirement for PCI.

Sleep Apnea Testing
Consented patients underwent portable SA testing using the Apnealink Plus monitor (ApneaLink™ device, ResMed 
Corporation, Poway, CA) during hospitalization, within 72 hours following PCI. Testing was administered by a trained 
respiratory or sleep technologist overnight. The Apnealink Plus monitor is a level III portable device, that provides accurate 
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identification of obstructive and central apneas via a chest belt for respiratory effort measures, apneas and hypopneas via nasal 
flow, snoring via a recording device, and blood oxygen saturation via pulse oximetry.24 Sleep studies were scored in 
accordance with the American Academy of Sleep Medicine scoring rules for portable sleep studies.25 An apnea was defined 
as at least 90% reduction in airflow lasting at least 10 seconds, and further distinguished as central or obstructive based on 
respiratory effort detected using respiratory inductance plethysmography (RIP). Hypopneas were defined as at least a 30% 
reduction in airflow for at least 10 seconds and associated with at least a 4% desaturation. The apnea-hypopnea index (AHI) 
was defined as the sum of all apneas plus hypopneas divided by total recording time. Central sleep apnea (CSA) was defined as 
>50% central events (apneas) per hour and a central AHI greater than or equal to 5. The patient and nurse were educated on the 
proper application of the monitor. Acquired sleep data included AHI, and oxygen desaturation index (ODI; the number of 

a.

b.

Figure 1 (a) Recruitment workflow. Patients with acute MI with cardiac catheterization were recruited. Recruited patients underwent a sleep study, cardiac MRI for 
assessment of left ventricular infarct size, and coronary collateral scoring using the Rentrop score. (b) Flow chart describing patient cohort. The right panel describes the 
entire sample with the angiographic Rentrop Score. The left panel highlights the subset of patients who underwent cardiac MRI for infarct size quantification. 
Abbreviations: CSA, central sleep apnea; OSA, obstructive sleep apnea; SA, sleep apnea (all types).
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times saturation dropped by 4% or more divided by total recording time). SA was categorized as: no sleep apnea (no-SA, AHI 
<5), mild SA (5≤AHI<15), moderate SA (15≤AHI<30), and severe SA (AHI ≥30).

CMR Protocol
Cardiac imaging was performed within 14 days following PCI. It was conducted at both hospitals using Philips Healthcare 
whole-body Achieva scanners with enhanced 80mT/m gradient systems. The 3T device features dedicated phased-array 
cardiac imaging coils and utilizes software release 2.6.3. The imaging protocol was standardized at both hospitals and imaging 
was performed before and after the intravenous administration of contrast – gadobutrol IV (a gadolinium-based contrast agent, 
0.2 mmol/kg body weight).

Image Analysis
Image analysis was conducted using software (Medis) that provides automated contouring of acquired images. AMI size 
refers to the infarcted myocardium and is conventionally quantified by late gadolinium enhancement.26 As such, after 
contrast administration, the contrast redistributes itself from the vascular compartment to the interstitial space, where 
a higher concentration of contrast is distributed in areas of MI than in normal myocardium.26 The area of abnormal signal 
intensity was measured in the T2-weighted images and in the corresponding late-enhancement images by manual 
delineation (conducted by an experienced cardiothoracic radiologist who was blinded to clinical data).27 A myocardial 
region was considered as affected if at least 10 adjacent myocardial pixels revealed a signal intensity of >5 standard 
deviations in late enhancement images.28,29 The infarct size was calculated as infarct volume divided by the left 
ventricular (LV) myocardium volume.

Measurement of Coronary Collateral Score
Two independent trained cardiology fellows conducted the scoring of the collaterals using one of the most widely used 
angiographic grading system, the Rentrop Scoring system.30 The cardiology fellows were blinded to clinical data. The 
scoring was defined as follows: Grade 0: no collaterals present; Grade 1: barely detectable coronary flow (contrast 
medium passes through collateral channels but fails to opacify the epicardial vessels at any time); Grade 2: partial 
collateral flow (contrast material enters but fails to opacify the target epicardial vessel completely); Grade 3: complete 
collateral flow/perfusion (contrast material enters and completely opacifies the target epicardial vessel). The Rentrop 
score ranges from 0 to 3, with higher scores indicating more developed coronary collaterals.

Outcomes and Covariate Measurement
The primary outcome was percent LV infarct size. Secondary outcomes included the Rentrop Score for coronary 
collateral scoring and blood biomarker assessments. Covariates were abstracted from the patient’s Electronic Health 
Record (EHR) by trained research personnel. Medical information was confirmed by patient interviews when necessary 
(for missing data or confirmation). Obesity was defined as body mass index ≥ 30 kg/m2 based on weight and height 
recorded in EHR. Hypertension was considered present with either a self-reported diagnosis by the patient, use of 
antihypertensive medication, or if medical records indicated an established diagnosis. Similarly, diabetes and dyslipide-
mia were considered present with either a self-reported diagnosis by the patient or if medical records indicated an 
established diagnosis, use of prescription drugs for diabetes, use of lipid lowering agents, or abnormal hemoglobin A1C 
(≥6.5%) on admission. Cigarette use was captured using a Tobacco Use Questionnaire (adapted from the Hispanic 
Community Health Study/Study of Latinos (HCHS/SOL)),31 which captures pack-years of tobacco use. Alcohol use was 
measured using Alcohol Use Questionnaire (also adapted from the HCHS/SOL).31 Previous history of coronary heart 
disease was considered present with either a self-reported diagnosis of angina, “heart attack” or cardiac procedures, ie 
angioplasty, stent, coronary artery bypass graft surgery (CABG) or if indicated in EHR. Daytime sleepiness was 
measured using the Epworth Sleepiness Scale. Excessive daytime sleepiness was defined as a score >10 points.
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Statistical Analysis
All analyses were performed using R statistical software. Baseline characteristics were summarized by SA category using 
descriptive statistics, and quantitative variables were compared using parametric or non-parametric statistical tests as 
appropriate. Group differences in infarct size and Rentrop Grade were compared using the non-parametric Wilcoxon 
rank-sum test or Fisher’s exact test as appropriate, given the limitations in sample size. Interaction between SA 
(categorical) and statin use was also tested as an exploratory analysis, as our prior work has suggested that lipid- 
lowering agents such as statins may be important effect modifiers in the relationship between SA and CVD,32 and 
a potentially key factor in predicting response to therapy.33 Adjustments were made for multiple comparisons to control 
for the increased risk of type I errors. Analysis was conducted with a two-tailed alpha set to 0.05.

Results
We recruited 33 patients with AMI, who underwent PCI. The prevalence of SA was 76% (Figure 1b), categorized as no- 
SA, (n=8), mild SA (n=10), moderate SA (n=8), and severe SA (n=7). Of the 33 patients, 33% (n=11) did not undergo 
CMR due to an inability to obtain imaging during their inpatient hospitalization.

Baseline demographics and infarct size for those who underwent CMR are reported in Table 1 (n=22), of whom 
16 had SA, and majority of whom presented with a STEMI (91%). There were no statistically significant differences in 
baseline demographics between the no-SA and SA groups. The majority of participants were male (mean ageno-SA=47.0 
±12.2, and mean ageSA=53.9±13.0) with an average BMI in the overweight range (mean BMIno-SA=26.8±2.3, and mean 
BMISA=29.0±6.7). The mean AHI in the SA group was 21.7±16.4 events/hour, with a mean ODI of 18.2±15.5 
desaturations per hour; Table 1. The AHI and ODI stratified by SA severity are presented in Table 2. There was no 
statistically significant difference in the median infarct size between the no-SA group versus the SA group (22% vs 28%, 
p=0.79, Wilcoxon rank-sum). We then stratified the data by SA severity (Table 2, Figure 2). While we did not find 
statistically significant differences, a U-shaped pattern emerged, where moderate SA patients had a smaller infarct size 

Table 1 Baseline Demographics and Infarct Size of Patients Who Underwent Cardiac MRI 
(n=22)

All Patients No Sleep Apnea  
(AHI<5)

Sleep Apnea  
(AHI≥5)

p-Value

n 22 6 16
Age (mean, SD) 52 (12.9) 47.0 (12.2) 53.9 (13.0) 0.28

Gender (male, %) 21 (95.5) 6 (100) 15 (93.8) 1.0

Ethnicity (Hispanic/Latino) 7 (31.8) 1 (16.6) 6 (37.5%) 0.62
Race

White 12 (54.5) 4 (66.6) 8 (50%)

Black 6 (27.3) 2 (33.3) 4 (25%)
Asian 4 (18.2) 0 (0) 4 (25%)

Body mass index (mean, SD) 28.4 (5.9) 26.8 (2.3) 29.0 (6.7) 0.45

Hypertension (yes, %) 10 (45.5) 3 (50.0) 7 (43.8) 1.0
Diabetes (yes, %) 5 (22.7) 2 (33.3) 3 (18.8) 0.88

Dyslipidemia (yes, %) 8 (36.4) 1 (16.7) 7 (43.8) 0.50

Stroke (no, %)1 22 (100) 6 (100) 16 (100)
Ever smoked (yes, %) 14 (63.6) 5 (83.3) 9 (56.2) 0.50

Statins (yes, %) 5 (22.7) 1 (16.7) 4 (25.0) 1.0

Epworth Sleepiness Scale 7.1 (4.3) 5.2 (1.6) 7.8 (4.7) 0.065
AHI/ hour (mean, SD) 16.76 (16.1) 3.5 (0.6) 21.7 (16.4) 0.014

ODI/ hour (mean, SD) 14.1 (14.8) 3.2 (1.3) 18.2 (15.5) 0.03

STEMI (yes, %) 20 (91.0) 6 (100) 14 (87.5) 1.0
% infarcted (median, [IQR]) 26 [12.5, 34.5] 22.0 [16.8, 31.8] 28.0 [15.5, 34.0] 0.79

Abbreviations: AHI, apnea-hypopnea index; IQR, Interquartile range; ODI, oxygen desaturation index; SD, Standard 
deviation; STEMI, ST Elevation Myocardial Infarction.
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(median 15.5%, IQR 9.0–23.5) compared to all other groups (no SA [22.0%; IQR 16.8, 31.8], mild SA [27%; IQR 23.8, 
32.5], and severe SA [34%; IQR 31, 53],p=0.12, Wilcoxon rank-sum). Further, statin use significantly modified the 
relationship between SA and infarct size such that patients with SA on statins (n=4, 25%) showed a significantly larger 
infarct size, compared to those with SA who were not on statins (n=12, 75%, p-value for interaction=0.02, Figure 3).

Coronary collateral circulation on angiograms was scored for the entire sample (n=33, of which 25 patients had SA) 
using the Rentrop scoring system, stratified by SA severity (Table 3). There were no patients with a Rentrop grade 3 
score. Figure 4a shows the Rentrop score by SA status. Among those in the no-SA group, 75% showed no collaterals 
present (grade 0) with 25% of patients showing grade 2 collaterals (partial collateral flow). Overall, we did not find 
a statistically significant difference in Rentrop scores when stratified by SA status or severity. However, patients with SA 
(compared to those without SA) had a non-significant trend toward increased collateral circulation overall, with a greater 
proportion of patients having grade 1 (24%, barely detectable coronary flow) and grade 2 (40%) collaterals (Figure 4a, 

Table 2 Baseline Demographics of Patients Who Underwent Cardiac MRI Stratified by Sleep Apnea (SA) 
Severity

No SA 
(AHI<5)

Mild SA 
(5≤AHI<15)

Moderate SA 
(15≤AHI<30)

Severe SA 
(AHI≥30)

p-Value

n 6 7 4 5

Age (mean, SD) 47.0 (12.2) 51.7 (11.3) 50.3 (16.8) 59.8 (12.8) 0.45
Gender (male, %) 6 (100) 7 (100) 4 (100) 4 (100) 0.31

Body mass index (mean, SD) 26.8 (2.3) 31.9 (7.0) 26.3 (6.1) 27.2 (6.4) 0.32

Hypertension (yes, %) 3 (50.0) 3 (42.9) 1 (25.0) 3 (60.0) 0.76
Diabetes (yes, %) 2 (33.3) 1 (14.3) 0 (0.0) 2 (40.0) 0.44

Dyslipidemia (yes, %) 1 (16.7) 2 (28.6) 1 (25.0) 4 (80.0) 0.14
Ever smoked (yes, %) 5 (83.3) 3 (42.9) 2 (50.0) 4 (80.0) 0.36

Statins (yes, %) 1 (16.7) 2 (28.6) 0 (0.0) 2 (40.0) 0.52

AHI (mean, SD) 3.50 (0.55) 8.00 (2.58) 19.08 (3.34) 43.02 (9.16) <0.001
ODI (mean, SD) 3.17 (1.33) 6.29 (2.81) 16.55 (6.05) 36.24 (14.19) <0.001

% infarcted (median, [IQR]) 22.0 [16.8, 31.8] 27.0 [23.8,32.5] 15.5 [9.0, 23.5] 34.0 [31.0, 53.0] 0.29

Abbreviations: AHI, apnea-hypopnea index; IQR, Interquartile range; ODI, oxygen desaturation index; SD, Standard deviation.

Figure 2 Infarct size by sleep apnea severity. Percent infarcted myocardium (y-axis), stratified by sleep apnea severity (x-axis). Patients with moderate sleep apnea have 
a trend toward a smaller infarct size compared to other groups.
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p=0.12, Fisher’s exact test). After stratification by SA severity (Figure 4b), we noted a trend toward a higher proportion 
of patients with moderate SA having Rentrop grade 2 collaterals compared to all other groups combined (moderate SA 
62.5% versus other groups 28%, p = 0.08, Fisher’s exact test).

Figure 3 Sleep apnea and statin use interact to modulate infarct size. Percent infarcted myocardium (y-axis), stratified by sleep apnea severity and statin use (x-axis). Statin 
use was an effect modifier for the relationship between sleep apnea severity and percent infarcted, such that those who use statins and have sleep apnea have 
a larger percent-infarcted myocardium. 
Abbreviation: AHI, apnea-hypopnea index.

Table 3 Rentrop Collateral Score Stratified by Sleep Apnea (SA) Severity (n=33)

Total Sample No SA 
(AHI<5)

Mild SA 
(5≤AHI<15)

Moderate SA 
(15≤AHI<30)

Severe SA 
(AHI≥30)

P-Value

n 33 8 10 8 7

Age (mean, SD) 54.4 (11.5) 47.5 (10.9) 56.5 (9.8) 55.6 (15.3) 57.71 (7.8) 0.280

Gender (male, %) 29 (87.9) 7 (87.5) 8 (80.0) 7 (87.5) 7 (100.0) 0.671
Body mass index (mean, SD) 28.6 (5.9) 26.4 (6.1) 30.3 (5.6) 29.4 (6.1) 27.9 (6.4) 0.576

Coronary heart disease (yes, %) 20 (60.6) 6 (75.0) 6 (60.0) 4 (50.0) 4 (57.1) 0.775

Ever smoked (yes, %) 20 (60.6) 6 (75.0) 6 (60.0) 4 (50.0) 4 (57.1) 0.775
Hypertension (yes, %) 14 (42.4) 5 (62.5) 3 (30.0) 2 (25.0) 4 (57.1) 0.312

Dyslipidemia (yes, %) 11 (33.3) 2 (25.0) 3 (30.0) 3 (37.5) 3 (42.9) 0.885

Diabetes (yes, %) 5 (15.2) 3 (37.5) 0 (0.0) 1 (12.5) 1 (14.3) 0.176
AHI (median, IQR) 12 [5,24] 3.0 [2.8, 4.0] 7.5 [6.3,10.8] 19.5 [18.2, 21.0] 47.0 [35.0, 50.1] <0.001

ODI (median, IQR) 8 [4,13] 3.5 [3.0, 4.0] 5.5 [4.0, 6.8] 14.5 [12.0, 21.8] 27.0 [10.0, 42.1] <0.001

STEMI (yes, %) 29 [87.9] 7 (87.5) 10 (100) 6 (75) 6 (85.7)
Multi-vessel Disease (yes, %) 22 [67.0] 5 (62.5) 6 (30.3) 5 (62.5) 6 (85.7) 0.71

Rentrop collateral grade (%) 0.222

0 6 (75.0) 4 (40.0) 1 (12.5) 4 (57.1)
1 0 (0.0) 3 (30.0) 2 (25.0) 1 (14.3)

2 2 (25.0) 3 (30.0) 5 (62.5) 2 (28.6)

Abbreviations: AHI, apnea-hypopnea index; IQR, Interquartile range; ODI, oxygen desaturation index; SD, Standard deviation.
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Discussion
To investigate the hypothesis that ischemic preconditioning in SA affords protection against myocardial injury, we 
performed cardiac imaging to evaluate whether SA is associated with reduced infarct size and increased coronary 
collateralization in patients with AMI. We did not find statistically significant differences in infarct size and Rentrop 
score by sleep apnea severity. However, our results suggest that patients with moderate SA had a trend toward smaller 
infarct size post-AMI and more enhanced coronary collaterals compared to those with no SA or with mild/severe SA. 
Moreover, we analyzed for effect modification of this relationship with statins, as our prior work has suggested that 
hypercholesterolemia and lipid-lowering therapies may be important factors in the relationship between SA and 
CVD.32,33 We observed suggestive evidence for effect modification by statin use in this relationship, highlighting the 
potential value of incorporating statin use and hypercholesterolemia in future work to investigate the effect of SA on 
cardiovascular outcomes. Our results are hypothesis-generating and support recent literature highlighting the hetero-
geneity in sleep apnea with regard to CVD risk. Our findings extend our understanding of the IH and ischemic 
preconditioning phenomenon in SA, with suggestive evidence of increased coronary collateralization in AMI patients 
with moderate SA – potentially alluding that patients with moderate SA may demonstrate the most benefit from this 
phenomenon.

a:

b:

Sleep apnea severity

No collaterals

Barely detectable coronary flow

Partial collateral flow

No collaterals

Barely detectable coronary flow

Partial collateral flow

Sleep apnea status

Figure 4 Rentrop collateral score by sleep apnea status. (a) Shows percent of patients (y-axis), stratified by sleep apnea status and the Rentrop grade (coronary collateral 
scoring system; x-axis). Compared to those without sleep apnea, a greater proportion of patients with sleep apnea had Rentrop grade 1 (barely detectable coronary flow) 
and grade 2 (partial collateral flow) coronary collaterals. (b) Further stratifies the Rentrop scoring by sleep apnea severity, showing that a higher proportion of patients with 
moderate sleep apnea had Rentrop grade 2 coronary collaterals. 
Abbreviation: AHI, apnea-hypopnea index.

https://doi.org/10.2147/NSS.S489788                                                                                                                                                                                                                                                                                                                                                                                                                                                                  Nature and Science of Sleep 2025:17 34

Kundel et al                                                                                                                                                                   

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



The theory of myocardial ischemic preconditioning34 was demonstrated in seminal animal model experiments, where 
ischemic preconditioning was modeled via direct brief coronary artery occlusion and reperfusion, and a sustained 
occlusion resulted in a smaller infarct size.11 Animal experiments have also utilized IH as a model of ischemic 
preconditioning (similar to animal models of SA), demonstrating similar reductions in infarct size.35,36 Potential 
mechanisms for IH and SA-induced coronary collateralization include nitric oxide-regulated mobilization of endothelial 
progenitor cells (EPCs, known to mediate neovascularization through angiogenic growth factors) from the bone marrow 
to the injured myocardium,37 and oxidative stress, which has shown to be increased in SA and is associated with 
increased collateralization.38,39 For example, one study demonstrated that EPCs are higher in AMI patients with 
comorbid mild-to-moderate SA compared to those without, and also increased in healthy individuals after exposure to 
IH in vitro.40 This suggests that mild-to-moderate SA may promote EPC-mediated compensatory angiogenesis, poten-
tially improving endothelial function and providing cardioprotection in AMI.

Our main finding that patients with moderate SA show a trend toward smaller infarct sizes and increased coronary 
collateralization aligns with these aforementioned studies, though the results require confirmation in studies with larger sample 
sizes. Other human studies have also demonstrated that patients with SA (AHI>10, n=34) and coronary occlusion on 
angiography have augmented coronary collateral circulation (measured using the Rentrop score) compared to those without 
SA (AHI<10, n=19),16 with a higher proportion of coronary collateral vessels (Rentrop≥1) among patients with an AMI and 
SA.41 Another study demonstrated a significant and independent association between AHI and a Rentrop score >2 among 
patients with AMI.17 On the other hand, human studies evaluating myocardial infarct size in all-comers with SA and AMI 
have demonstrated conflicting results with regard to infarct size and magnitude. For example, Buchner et al found that among 
patients with AMI, SA was in fact associated with a larger infarct size as measured by CMR.42 However, in comparison to our 
study, the authors defined SA as a binary exposure (yes/no), combining the infarct size data for all-comers with SA. This may 
mask non-linear associations between SA severity and coronary collateralization/myocardial injury, therefore obscuring the 
heterogeneity of myocardial infarct size among SA patients as a result of an ischemic event. Contrary to the findings of 
Buchner et al, SA has been associated with increased proliferation and angiogenic capacity of EPCs during AMI,40 and 
elevated plasma vascular endothelial growth factors (VEGF) levels which are suppressed by treatment of SA and IH with 
CPAP therapy.43 Further, multiple studies have shown that higher AHI and SA are associated with lower peak troponin levels 
during AMI.13,18

Given these conflicting results, we conducted the first study to integrate both the Rentrop score for evaluation of 
coronary collateral circulation with cardiac imaging among patients with SA and AMI and evaluate the association of 
these outcomes with SA severity. In our cohort, a higher proportion of patients with moderate SA had Rentrop grade 2 
collaterals and enhanced coronary collateral circulation compared to other SA-severity groups, despite the fact that 
moderate SA patients had a lower ODI compared to those with severe SA. Our findings contradict prior animal studies, 
where coronary collateral formation occurs in a dose-response manner only when exposed to severe hypoxemia,44 as well 
as human studies suggesting that those with extensive coronary collaterals have a higher AHI and more severe SA.17 By 
contrast, our results may suggest a more complex interplay between collateral formation and SA-induced IH, aligning 
with other animal studies demonstrating that cerebral collaterals can indeed occur at varying levels of hypoxemia, in 
a dose and duration dependent manner.45 One possible explanation for our findings is that moderate SA may strike 
a balance of adaptive mechanisms, such as increased collaterals and enhanced endothelial function, which could 
counteract the adverse effects of hypoxia by way of increased collateral circulation. Additionally, IH may stimulate 
protective pathways that promote angiogenesis and improve cardiac outcomes. This interindividual heterogeneity in 
response to IH for collateral formation may be associated with the patient’s ability to appropriately induce angiogenic 
factors such as VEGF.46 These nuanced insights underscore the imperative for future studies to validate and further 
explore the intricacies of collateral formation in response to hypoxemia in SA, in association with angiogenic blood 
biomarkers. Future studies should also assess the influence of novel hypoxic burden metrics47 on such outcomes.

Further, we analyzed for effect modification with statins, as our prior work has suggested that statins may be a key 
factor in modifying the relationship between SA and atherosclerosis32 and potentially in predicting response to therapy.33 

We unexpectedly found that patients with SA on statins had a significantly larger infarct size compared to those with SA 
not on statins, potentially due to confounding by indication. Patients prescribed statins often have a higher burden of 
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coronary artery disease which may lead to more significant myocardial injury during AMI. Thus, the results we observed 
might reflect more advanced atherosclerotic disease in these patients rather than a direct effect of statin therapy. Our 
analysis did not adjust for various confounders that could influence outcomes. For instance, patients on statins may have 
additional cardiovascular risk factors such as diabetes or hypertension, or take antiplatelet agents and other medications 
that can complicate their clinical picture and affect myocardial perfusion and infarct size. Although this finding requires 
cautious interpretation, it may be important as it aligns with our prior work. We have previously found that hyperch-
olesterolemia and the use of lipid-lowering agents may be critical factors influencing the complex relationship between 
SA and atherosclerosis.32 Recent results from our post-hoc analysis of the ISAACC (Impact of Sleep Apnea Syndrome in 
the Evolution of Acute Coronary Syndrome) study33 also demonstrated that hypercholesterolemia may be a key emerging 
factor in predicting response to CPAP in patients with SA and AMI.48,49 Moreover, recent studies indicate that patients 
with SA, particularly those who are obese and exhibit metabolic abnormalities and increased visceral obesity,50–54 face 
a significantly elevated risk of AMI and CVD. As such, our preliminary findings suggest the need for further research to 
elucidate the intricate interactions between statin use, comorbidities, and their collective impact on cardiovascular 
outcomes in patients with SA. Together, our data is hypothesis-generating, and suggests that repeated IH experienced 
by patients with moderate SA may potentially be cardioprotective in the context of AMI. This concept is supported by 
a recent study investigating common genetic variations and heterogeneity in individuals with and without SA, with 
certain elevated pathway-specific polygenic risk scores associated with protection for coronary artery disease in SA.55 

Moreover, in a large randomized controlled trial of patients with acute coronary syndrome, treatment of non-sleepy SA 
with CPAP in patients with AMI did not demonstrate a benefit on long-term CVD outcomes. As such, a subgroup of 
patients (possibly those with moderate SA) may theoretically dilute the effects of CPAP on CVD, potentially contributing 
to the null findings of this study.33

Our field is at a critical juncture, where decoding the heterogeneity of SA is crucial, particularly with regard to CVD 
risk prediction.9 While CPAP is the cornerstone of SA therapy, multiple randomized controlled trials have failed to 
demonstrate a benefit of CPAP in the prevention of composite CVD events among non-sleepy patients with moderate-to- 
severe SA.6–8,56 Therefore, recent studies have focused on identifying novel SA subgroups with increased cardiovascular 
risk to guide personalized therapeutic approaches.57,58 Moreover, novel and promising therapies for SA are on the rise. 
A recent landmark trial investigating glucagon-like peptide-1 receptor agonists (GLP-1 RA) for the management of 
obesity-related SA, demonstrated significant improvements not only in SA severity, but also secondary outcomes 
including reductions in hypoxic burden, blood pressure, as well as biomarkers of inflammation such as C-reactive 
protein following weight loss in SA.49 As such, we are now critically re-evaluating the need for universal SA treatment, 
exploring the heterogeneity in treatment response, and recognizing that CPAP may not be suitable for all.59–61 Taken 
together with our results, as well as those of prior studies,13,16–18,41 there is suggestive evidence that subgroups of 
patients with SA may be at least partially protected from CVD, and may not benefit from CPAP therapy. Although this 
requires rigorous confirmation, it may represent a major paradigm shift in the field of SA, as prior observational data has 
suggested a detrimental role of moderate-to-severe SA in all-comers on CVD risk. Future work may uncover that the 
duration of exposure and severity of SA, as well as comorbid disease status such as obesity may be an important effect 
modifier to account for in such analysis evaluating the impact of SA on ischemic preconditioning.

Limitations
Several methodological limitations should be considered in the interpretation of our study results. The study was initially 
powered to detect differences in the primary outcome by SA severity, with a plan to recruit a larger sample of patients. 
However, recruitment of patients with AMI to undergo CMR imaging posed unique challenges due to the acute nature of 
the patients’ condition, and the logistical complexities of scheduling CMR within the hospital setting. Additionally, there 
was a marked reduction in the number of STEMI cases during the study period, which further impacted our ability to 
meet our sample size goals. To our knowledge, ours is the first study that combines CMR imaging and Rentrop scores to 
evaluate how SA influences cardiac imaging outcomes in AMI patients. As such, sample size limitations should be 
considered in light of the burden of recruitment for such a study, and the collaborative team science approach required for 
imaging and coronary collateral scoring. Given these limitations, we frame our results as hypothesis-generating rather 
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than conclusive. Ours was the first study to integrate both the Rentrop score for evaluation of coronary collateral 
circulation with cardiac imaging among patients with SA and AMI and evaluate the association of these outcomes with 
SA severity. Although our results did not reach statistical significance, recent literature highlights that simply relying on 
the merits of the p-value in causal inference may disregard important mechanistic or biological interpretations of effect 
sizes which may provide value.62 The observed trends — particularly the potential for moderate SA to correlate with 
smaller infarct sizes and increased collateral circulation — highlight important avenues for further investigation. Future 
studies with larger sample sizes and multi-center collaborations to increase participant numbers are essential to (1) 
validate these findings and explore the underlying mechanisms involved, and (2) to investigate the heterogeneity of 
ischemic preconditioning by SA severity, or by other physiologic measures such as degree of hypoxic burden.47 Further, 
although we recruited a diverse group of study-participants (approximately 50% non-white), we acknowledge that most 
studies investigating SA and CVD tend to be male-predominant, which is a limitation of our study as well - limiting our 
ability to generalize the findings to female participants. Future research in diverse settings and populations should 
validate our results along with longer term follow up on cardiac function, and explore how sex/gender, and demographic 
differences might differentially impact the relationship between SA and cardiovascular outcomes in patients with AMI. 
Additionally, future studies should also analyze the influence of additional confounding factors on these imaging 
outcomes in patients with SA, including obesity, diabetes, STEMI vs NSTEMI, culprit vessel lesion, single versus 
multi-vessel disease, etc., and confirm the finding of effect modifications with statins after adjusting for these variables.

Second, eleven patients who did not undergo CMR were excluded from the analysis of infarct size. While we 
recognize that this may introduce bias by systematically excluding a subset of participants, we considered this approach 
more rigorous than imputing missing data, especially given that percent myocardial infarction was our primary outcome. 
Imputation traditionally assumes data is missing at random, and with a third of our cohort missing CMR imaging data, 
we believed imputing the missing values could compromise the integrity of our results. Therefore, we employed 
a complete case approach, including only patients with complete data for the outcome variables of interest in the final 
analysis. This approach was chosen due to the limited sample size, in order to avoid incorrect assumptions or biased 
estimates that could lead to misleading conclusions. Third, we included patients with both, central (CSA) and obstructive 
SA, which may introduce variability and potentially bias the results toward the null, given that CSA has a distinct 
physiology compared to obstructive SA, and occurs most commonly in patients with heart failure. However, only a very 
small proportion of patients had CSA (4 in the Rentrop cohort, and 3 in the CMR cohort). Further, it is important to note 
that similar to obstructive SA, randomized trials evaluating PAP therapy in CSA have also not demonstrated a survival 
benefit.63 In fact, a 2015 study showed an increase in cardiovascular mortality among patients with CSA on specialized 
PAP therapy (adaptive servo ventilation) despite improvements in nocturnal oxygen saturation,64 though a more recent 
study reported conflicting findings with no effect on mortality.65 This once again raises the question whether attenuating 
the consequences of sleep-disordered breathing such as IH may be detrimental in a subset of patients with the disease.66 

Additionally, we do not know whether these patients had SA prior to their AMI. Patients recruited for this study 
(following a cardiac event) may not be typical of SA patients presenting in sleep centers who are typically 
symptomatic.67 However, it’s well-established that the rate of SA in patients with coronary artery disease is notably 
high, with prior studies indicating rates above 60%.68 Despite these patients often being asymptomatic, they are 
frequently referred for assessment at outpatient sleep centers, underscoring the relevance of these findings.

Despite these limitations, our results are impactful and important for the field. First, our main finding that patients 
with moderate SA have a trend toward a smaller infarct size and a higher proportion of coronary collateralization aligns 
with the premise of ischemic preconditioning in SA. These findings also align with prior human and animal studies 
supporting this concept,11,13,16,35,36 reinforcing the reproducibility of our results. In parallel to our findings, others have 
demonstrated that SA is also associated with a smaller cerebral infarct volume/stroke severity in acute stroke, with less 
severe neurological injury69 compared to those without SA. This suggests that a subset of SA patients may also have 
a neuroprotective effect in cerebrovascular disease. Second, the relationships and patterns we report here may support the 
hypothesis that IH during SA may result in ischemic preconditioning, potentially protecting a subset of SA patients from 
cardiac injury during AMI via mechanisms of coronary collateral formation. Importantly, our results do not refute data 
showing that obstructive SA is a risk factor for AMI,19–22 rather they add nuance to the relationship between SA and 
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CVD – suggesting that some degree of IH in patients with moderate SA may provide cardiovascular benefit, while severe 
IH in patients with severe SA may not, given that those with severe SA in our cohort had the largest infarct size. If 
validated in larger studies, our results could inform clinical management by guiding the development of tailored 
treatment strategies for patients with AMI and SA. For instance, clinicians might consider integrating SA management 
into the overall care plan for AMI patients, with individualized risk assessments and decision-making regarding SA 
therapy based on SA severity, degree of hypoxic burden, and other demographic and clinical factors. Capturing this 
disease heterogeneity in SA outcomes can also inform future prognostic and predictive enrichment trials70 to guide 
personalized therapeutic approaches based on subgroup-defining biology.

Conclusion
Among patients with AMI, we did not find a statistically significant difference in infarct size and Rentrop score by sleep 
apnea severity. However, trends captured in our results are hypothesis-generating, and suggest that moderate SA may 
potentially offer cardioprotective benefits in AMI through enhanced coronary collaterals and less severe myocardial 
injury, extending our understanding of IH and ischemic preconditioning in SA. These insights call for further mechanistic 
investigations and rigorous confirmation in future, larger studies to explore the heterogeneity in ischemic preconditioning 
by SA severity and hypoxic burden to guide tailored clinical strategies for SA management in patients with AMI.
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