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Abstract 

Study Objectives:  Retinal microvascular pathology (RMP) and obstructive sleep apnea (OSA) are both cardiovascular disease risk fac-
tors. Limited data exists on their interrelationship. We tested the hypotheses that OSA and nocturnal hypoxemia would be associated 
with RMP and vessel calibers.

Methods:  We conducted a quasi-cross-sectional analysis of 1625 participants in the Atherosclerosis Risk in Communities Sleep 
Heart Health Study. Participants completed in-home polysomnography monitoring (1996–1998) and were categorized by OSA severity 
(apnea–hypopnea index: <5, 5–14.9, and ≥15) and proportion of total sleep time with oxygen saturation < 90% (T90). Retinal photogra-
phy (1993–1995) was used to assess RMP and measure vascular diameters (central retinal arteriolar equivalent [CRAE] and central 
retinal venular equivalent [CRVE]). Logistic and linear models were adjusted for demographics, behaviors, and BMI.

Results:  Of the participants, 19% had OSA (AHI > 15) and 4% had RMP. Severe OSA was not associated with RMP [OR (95% CI): 1.08 (0.49 
to 2.38)] or CRAE in adjusted models. OSA severity showed a positive linear relationship with CRVE; adjusted mean CRVE for those 
with OSA was 195.8 μm compared to 193.2 μm for those without OSA (Ptrend = 0.03). T90 was strongly associated with CRVE, but not 
with RMP or CRAE. Adjusted mean CRVE for T90 ≥ 5% was 199.0 and 192.9 for T90 < 1% (ptrend < 0.0001).

Conclusions:  OSA and T90 were not associated with RMP or CRAE. However, both OSA and T90 ≥ 5% were associated with wider 
venules, which may be early and indicative changes of increased inflammation and future risk of stroke and CHD.
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Introduction
The eye offers noninvasive direct access to the microvasculature 
[1]. Retinal microvascular pathology (RMP) such as microaneu-
rysms, focal arteriolar narrowing/venular widening, arteriovenous 
nicking, and soft/hard exudates [2, 3] can arise within the retinal 
microvasculature through several pathophysiologic pathways [4]. 
Changes in the retinal vessel diameters (narrow arterioles and 
wide venules) occur early in the pathogenesis of retinal vascular 
disease and are sensitive to endothelial dysfunction from inflam-
mation, changes in blood flow associated with tissue hypoxia, and 
other physiologic changes. Inflammation has been more strongly 
linked to central retinal venular equivalent (CRVE) widening than 
to central retinal arteriolar equivalent (CRAE) narrowing [5]. In 
contrast, CRAE narrowing has been more closely associated with 
markers of atherosclerotic disease than venular caliber [6].

The retinal vessels share similar anatomical and physiological 
properties with coronary and cerebral microcirculation and have 
been suggested as important biomarkers to estimate vascular 
health [1, 7] and particularly stroke [8]. Numerous cardiovascu-
lar risk factors have been linked to the development of RMP and 
changes in retinal calibers, and these retinal changes are one of 
the most common complications of diabetes [9]. Both the pres-
ence and severity of changes in the retinal microvasculature have 
been associated with hyperglycemia [10], though the results of 
three population-based studies have shown RMP to be common 
in non-diabetics, as well [11]. Previous studies have also reported 
a strong association between RMP and hypertension [3, 12]. A 
study within a non-diabetic population estimated the prevalence 
of RMP in hypertensive individuals as 11% and in normotensive 
individuals as 6% [13]. Chronic inflammation may also have a 
role in the development of RMP [14]. Meta-analyses have reported 
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associations of RMP [7], and specifically retinal diameters [1, 7], 
with CVD incidence. Furthermore, retinopathy is also a leading 
cause of blindness and can often be avoided with timely inter-
vention [15]. Given the morbidity directly and indirectly associ-
ated with RMP and retinal microvascular changes, there is a need 
for deeper understanding of the possible risk factors to identify 
opportunities for intervention.

Obstructive sleep apnea (OSA), a relatively common and 
often undiagnosed sleep disorder, is characterized by an upper 
airway obstruction causing brief periods of partial or total ces-
sation of airflow [16, 17]. OSA has also been linked to cardi-
ovascular disease [18, 19] through several pathways including 
hypertension [18, 19] and diabetes/prediabetes [18–20]. OSA may 
increase cardiovascular risk by leading to oxidative stress and 
chronic inflammation due to the repetitive nature of hypoxemia 
and reoxygenation [18, 19]. Retinal vessel diameters are particu-
larly sensitive to endothelial dysfunction due to the reduction 
in nitric oxide bioavailability within the vascular endothelium 
resulting from oxidative stress and intermittent hypoxia [21, 
22]. Among patients with diabetes, OSA is considered to be a 
risk factor for diabetic retinopathy, which is the leading cause 
of blindness in adults worldwide [23]. Since hypertension, dia-
betes, hypoxia, and inflammation are known to be common 
pathways in the development of RMP, it is plausible that OSA 
is also associated with RMP and early changes to the retinal 
microvasculature.

Using data from a subset of Atherosclerosis Risk in 
Communities Study (ARIC) participants who took part in the 
Sleep Heart Health Study (SHHS), we explored the association 
between OSA, measured via polysomnography, and several 
measures of RMP (including focal arteriolar narrowing/venu-
lar widening). We hypothesized that more severe OSA would be 
associated with greater odds of RMP. Furthermore, we hypothe-
sized that OSA severity would be associated with wider venular 
diameters as measured by CRVE and narrower arteriolar diam-
eters as measured by CRAE, after adjustment for covariates. 
Given the pathophysiology, we hypothesized the direction of the 
association being that OSA leads to RMP. Analyses were repeated 
using the exposure proportion of total sleep time with oxygen 
saturation < 90% (T90), which is a novel marker of nocturnal 
hypoxemia. Due to the timing of relevant data available in ARIC 
(polysomnography 1996–1998, retinal photography 1993–1995) 
the analysis is quasi-cross-sectional and thus requires nuanced 
interpretation.

Materials and Methods
Study population
The ARIC study is a prospective cohort of 15 792 men and women 
from four US communities. Participants were between 45 and 64 
years of age at baseline in 1987–1989, and were selected using 
population-based probability sampling [24]. Since the initial 
visit, numerous follow-up visits have occurred, including visit 3 
(1993–1995) and visit 4 (1996–1998), which are the focus of this 
analysis. The SHHS recruited a subset of 1920 ARIC participants 
(from the suburban Minneapolis, MN and Washington County, 
MD study sites) during the fourth ARIC visit (1996–1998) [25]. 
These participants underwent an in-home, overnight polysom-
nography recording. Individuals with sleep apnea treated with 
continuous positive airway pressure (CPAP), home oxygen ther-
apy, or tracheostomy were not eligible to participate in SHHS. 
Of the 1,920 ARIC-SHHS participants, we excluded those with 

missing retinopathy data (n = 110), missing apnea–hypopnea 
index (AHI) or nocturnal hypoxemia (n = 182), or missing covar-
iates (n = 3). Our final analytic sample included 1625 partici-
pants. Institutional review boards at each study site approved 
the study and written informed consent was obtained from all 
participants.

Retinal microvasculature
On the third visit (1993–1995), retinal photography was performed 
by trained technicians according to standard procedures [26]. 
After 5 minutes of dark adaptation, a 45-degree-retinal photo-
graph of a randomly selected eye was obtained. This photograph 
was centered on the region of the optic disc and the macula and 
was taken with an autofocus camera.

Trained graders masked to participant characteristics used a 
computer-assisted approach to measure the calibers of all arte-
rioles and venules coursing through a specified area surrounding 
the optic disc [26]. Individual vessel measurements were com-
bined into summary indices—the CRAE and the CRVE—which 
estimated the central retinal arteriolar and venular caliber of the 
eye after taking into account the branching patterns. These meas-
urements are reliable, with intragrader and intergrader reliability 
coefficients of 0.69 and 0.74 for CRAE and 0.89 and 0.77 for CRVE, 
respectively [26].

Graders also examined the photographs for signs of RMP 
including microaneurysms, flame-shaped hemorrhages, blot 
hemorrhages, or soft exudates. The graders’ retinal vascular 
measurements had high reproducibility [26, 27]. For analysis, 
retinopathy was coded as 1 or 0 (presence vs. absence of RMP, 
respectively).

Sleep assessment
Using a portable monitor (PS-2 System; Compumedics Limited, 
Abbotsford, VIC, Australia), overnight unattended in-home pol-
ysomnography was conducted using methods that have been pre-
viously described [28]. The AHI, which sums the number of apneas 
and hypopneas (events) per hour of sleep, was used to categorize 
the severity of OSA. Apnea was defined as an absence or near 
absence of airflow for at least 10 seconds (regardless of desatura-
tion level). Hypopnea was defined as a 30% decrease in the ampli-
tude of airflow for at least 10 seconds (with at least a 4% decrease 
in oxygen saturation). Participants were categorized according to 
AHI as follows: <5.0 events/h (normal), 5.0–14.9 events/h (mild), 
≥15.0 events/h (moderate or severe) [20]. As a secondary expo-
sure, we also evaluated the proportion of total sleep time with 
oxygen saturation < 90%, also known as T90. Importantly, T90 is 
reflective of both intermittent hypoxemia occurring secondary 
to OSA events and also persistent hypoxemia (e.g. from chronic 
obstructive pulmonary disease) [29]. We categorized T90 for anal-
ysis as < 1%, 1% to < 5%, ≥5%.

Assessment of covariates
The ARIC study protocols have been described previously 
[24]. Covariates and potential mediators were assessed at the 
fourth visit (1996–1998), unless otherwise noted. Information 
on smoking status, physical activity (visit 3), and educational 
attainment (visit 1) were self-reported. Trained technicians 
obtained height and weight measurements to calculate BMI. 
Certified phlebotomists collected a fasting blood sample which 
was used to measure plasma lipids (LDL-C, HDL-C, and tri-
glycerides), and serum glucose concentrations. Participants 
were classified as having diabetes if they had a fasting blood 
glucose of ≥ 126 mg/dL, used glucose-lowering medication, or 
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self-reported a physician diagnosis of diabetes. Blood pres-
sure (BP) was measured twice from a seated position using a 
 random-zero sphygmomanometer and the mean of the two 
measurements was used for analysis. Participants were clas-
sified as having hypertension if their systolic BP was ≥ 140 
mmHg, diastolic BP was ≥ 90 mmHg, or they self-reported use 
of antihypertensive medication.

Data analysis
Due to nonconcurrent measurement of polysomnography (visit 
4: 1996–1998) and retinal photography (visit 3: 1993–1995), this 
study design is quasi-cross-sectional. Descriptive statistics were 
calculated and stratified by OSA severity. To assess the relation-
ship between OSA severity and RMP we performed a series of pro-
gressively adjusted logistic regression models: model 1 included 
age and sex as covariates. Model 2 additionally adjusted for 
education, physical activity, smoking, and BMI. Model 3 further 
adjusted for hypertension, diabetes, prevalent CHD, plasma lipids, 
and eGFR. OSA was modeled as a categorical variable to estimate 
odds ratios (ORs) and 95% confidence intervals (CIs) with partic-
ipants with a normal AHI as the reference. To calculate p-values 
for linear trend, we modeled the three OSA categories ordinally. 
Additionally, cross-product terms for age, sex, hypertension, and 
diabetes are assessed for statistical interaction.

Linear regression analyses were performed to assess the rela-
tionship between OSA severity and CRVE/CRAE, with similar 
modeling as noted above. All analyses were conducted using SAS 
Studio (Cary, NC).

Analyses of T90 followed the same strategy as did analyses 
of OSA. Data are available, with appropriate approvals, through 
the NHLBI BioLINCC repository (https://biolincc.nhlbi.nih.gov) 
or through ARIC Coordinating Center via a Data and Materials 
Distribution Agreement (https://sites.cscc.unc.edu/aric/
distribution-agreements).

Results
ARIC SHHS participants were 51.7% female, on average 62.3 years 
of age, and had a mean BMI of 28.7 kg/m2. Of the participants, 
19.4% had moderate/severe OSA, 30.1% had mild OSA, and 50.5% 
were without OSA (Table 1). Those with moderate/severe OSA 
were more likely to be older, male, current or former smokers, 
have hypertension or diabetes, and have a higher BMI than those 
with mild or no OSA. RMP was detected in 54 participants (3.3% 
of the sample). The mean ± SD of CRVE and CRAE in the sample 
were 191.5 μm ± 15.8 μm and 158.9 μm ± 14.3 μm, respectively.

The relationship between OSA severity and RMP was null 
across all statistical models (Table 2). After adjustment for age 

Table 1. Participant Characteristics by Obstructive Sleep Apnea Severity Category: The ARIC Study

Category Apnea–hypopnea index

Normal Mild Moderate/severe Overall

<5 events/hr 5–14.9 events/hr 15 + events/hr

N total (%) 821 489 315 1,625

Demographics

Age, mean years ± SD 61.5 ± 5.6 62.9 ± 5.4 63.6 ± 5.6 62.3 ± 5.6

Female n (%) 64.6 43.4 31.1 51.7

Education, n (%)

<HS graduate 9.0 13.5 12.7 11.1

HS graduate 47.5 45.4 46.0 46.6

Some college 43.5 41.1 41.3 42.3

Behavioral characteristics

Smoking n (%)

  Current 14.4 7.0 7.9 10.9

  Former 44.2 51.9 54.0 48.4

  Never 41.4 41.1 38.1 40.7

  Physical Activity (leisure index) ± SD 2.5 ± 0.5 2.4 ± 0.5 2.4 ± 0.5 2.5 ± 0.5

Physiologic characteristics

BMI, kg/m2 ± SD 27.1 ± 4.4 29.2 ± 4.7 32.0 ± 5.5 28.7 ± 5.1

Prevalent diabetes, n (%) 9.0 15.5 16.5 12.4

Prevalent hypertension, n (%) 34.2 44.8 48.9 40.3

C-Reactive protein level, mg/L* 2.1 (1.0, 4.7) 2.2 (1.0, 4.7) 2.6 (1.3, 5.9) 2.2 (1.1, 4.8)

HDL cholesterol, mg/dL ± SD 52.5 ± 17.2 47.7 ± 14.8 43.1 ± 13.2 49.2 ± 16.2

LDL cholesterol, mg/dL ± SD 120.1 ± 32.0 124.8 ± 33.5 125.0 ± 30.9 122.4 ± 32.4

Triglycerides, mg/dL ± SD 148.8 ± 86.3 150.4 ± 78.2 165.5 ± 144.5 152.5 ± 98.3

eGFR, mL/min/1.73 m2 ± SD 90.2 ± 13.4 88.6 ± 14.1 88.4 ± 14.1 89.4 ± 13.8

Prevalent CHD, n (%) 5.5 5.3 8.3 6.0

https://biolincc.nhlbi.nih.gov
https://sites.cscc.unc.edu/aric/distribution-agreements
https://sites.cscc.unc.edu/aric/distribution-agreements
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and sex, participants with moderate/severe OSA were not more 
likely to have RMP than those without OSA (OR: 1.37 [95% CI: 0.66, 
2.85]), though precision was poor. Findings were further attenu-
ated after additional adjustment. There was no evidence that age, 
sex, diabetes, or hypertension modified the relationship between 
OSA severity and RMP (p-value for cross-product terms > 0.05).

In our linear regression models, greater OSA severity was asso-
ciated with higher mean CRVE (Table 3). After accounting for age 
and sex (model 1), the mean CRVE in participants with moder-
ate/severe OSA was 193.9 μm compared to 190.6 μm for those 
without OSA (p-value for linear trend = 0.0004). After additional 
adjustment for behaviors and BMI (model 2), the mean CRVE for 
those with severe OSA was 195.8 μm compared to 193.2 μm for 
those without OSA (p-value for linear trend = 0.03). Associations 
persisted with additional adjustment for potential mediators 
including relevant cardiovascular risk factors (model 3; p-value 
for linear trend = 0.02). In the unadjusted model, moderate/severe 
OSA was associated with narrower mean CRAE (p-value for linear 
trend 0.02); however, this association was null after adjustment 
for covariates (models 1–3).

Analyses were conducted examining T90 category as the expo-
sure. Of the participants, 14.2% had a T90 ≥ 5%, 15.3% between 1 

to ≤%, and 70.6% <1%. No significant associations were observed 
between T90 and RMP (Table 4) or CRAE, though associations were 
observed with CRVE (Table 5). After accounting for age and sex 
(model 1), the mean CRVE in participants with T90 ≥ 5% was 197,7 
μm compared to 190.3 μm for those with T90 < 1% (p-value for 
linear trend < 0.0001). After additional adjustment for behaviors 
and BMI (model 2), the mean CRVE for those with T90 ≥ 5% was 
199.0 μm compared to 192.9 μm for participants with T90 < 1% 
(p-value for linear trend < 0.0001). Associations persisted after 
adjustment for potential mediators (model 3; p-value for linear 
trend < 0.0001).

Discussion
In this community-based sample, we did not find an independent 
association between objectively measured OSA severity or T90, 
as assessed by in-home polysomnography, and retinopathy, as 
assessed by retinal photography. However, we did observe novel 
findings. Both greater OSA severity and T90 were associated with 
wider retinal venules, even after adjusting for traditional cardio-
vascular risk factors.

Table 2. Obstructive Sleep Apnea and Retinal Microvascular Signs: The ARIC Study

OSA severity Normal Mild Moderate/severe

Apnea–hypopnea index <5 events/hr 5–14.9 events/hr 15 + events/hr

Median AHI 1.77 8.53 24.60

N total 821 489 315

N microvascular abnormalities (%) 21 (2.6%) 20 (4.1%) 13 (4.1%)

Retinal microvascular abnormalities [OR (95% CI)] p-trend

Model 1 1 (Reference) 1.45 (0.77, 2.73) 1.37 (0.66, 2.85) 0.33

Model 2 1 (Reference) 1.34 (0.70, 2.58) 1.08 (0.49, 2.39) 0.75

Model 3 1 (Reference) 1.22 (0.61, 2.41) 1.00 (0.44, 2.28) 0.94

Model 1: Adjusted for age and sex
Model 2: Adjusted for M1 + education, physical activity, smoking, and BMI
Model 3: Adjusted for M2 + prevalent hypertension, diabetes, CHD, eGFR, LDL cholesterol, HDL cholesterol, and triglycerides.

Table 3. Adjusted Mean Central Retinal Arteriolar and Venular Equivalents According to Obstructive Sleep Apnea Category: The ARIC 
Study

OSA severity Normal Mild Moderate/severe

Apnea–hypopnea index <5 events/hr 5–14.9 events/hr 15 + events/hr

N total 773 457 287

Central retinal arteriolar equivalent (CRAE) μm p-trend

Crude mean (95% CI) 160.0 (159.0, 161.0) 157.6 (156.3, 158.9) 158.3 (156.6, 159.9) 0.02

Model 1 (95% CI) 159.7 (158.7, 160.7) 157.7 (156.4, 159.1) 158.7 (157.0, 160.3) 0.13

Model 2 (95% CI) 161.1 (159.8, 162.4) 159.6 (158.1, 161.1) 160.5 (158.6, 162.4) 0.36

Model 3 (95% CI) 160.9 (158.9, 162.8) 159.7 (157.5, 161.8) 160.8 (158.3, 163.2) 0.67

Central retinal venular equivalent (CRVE) μm

Crude mean (95% CI) 190.1 (189.0, 191.3) 191.8 (190.3, 193.2) 194.4 (192.6, 196.3) <0.0001

Model 1 (95% CI) 190.6 (189.4, 191.7) 191.7 (190.2, 193.1) 193.9 (192.0, 195.7) 0.004

Model 2 (95% CI) 193.2 (191.9, 194.6) 194.4 (192.8, 196.1) 195.8 (193.8, 197.8) 0.03

Model 3 (95% CI) 194.3 (192.2, 196.5) 195.4 (193.1, 197.8) 197.0 (194.4, 199.7) 0.02

Model 1: Adjusted for age and sex
Model 2: Adjusted for M1 + education, physical activity, smoking, and BMI
Model 3: Adjusted for M2 + prevalent hypertension, diabetes, CHD, eGFR, LDL cholesterol, HDL cholesterol, and triglycerides.
Italic: p-value is significant when comparing group to the normal group
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Our findings connecting OSA severity and nocturnal hypox-
emia with wider venules are potentially meaningful. Vessel diam-
eters are sensitive to endothelial dysfunction from inflammation, 
blood flow changes due to hypoxia, and other physiologic changes 
[4]. Prior research has shown RMP, CRVE, and CRAE to all be asso-
ciated with risk of incident CVD [1, 7], including in ARIC [30, 31], 
though associations have not always been consistent with some 
studies suggesting a greater role for CRVE than for CRAE [32, 33]. 
Emerging literature also suggests that T90 represents a more 
comprehensive measure of hypoxic burden than OSA, and may 
be a stronger marker of cardiovascular risk [29]. Taken together, 
our findings support connections between OSA and hypoxic bur-
den with greater retinal venular diameters.

A prior SHHS paper evaluated the association between OSA 
and retinopathy using ARIC and Cardiovascular Health Study 
data and reported null findings [34]. Cardiovascular Health 
Study participants were not included in the present paper. For 
ARIC participants, the same polysomnography and retinal pho-
tographs were used in the prior paper and the present analysis. 
However, there are additional important methodological differ-
ences between the papers to note. In the prior paper, the authors 
only defined OSA according to respiratory disturbance index 

quartiles, with quartile four having a lower bound of 11.7 (below 
the clinical threshold for even moderate OSA), did not include a 
measure of hypoxic burden, and evaluated retinal venular and 
arteriolar diameters as a ratio, rather than separately [34]. Our 
analysis is unique as we used a more clinically meaningful OSA 
cutpoint (≥15 events/hour indicating moderate or severe disease), 
assessed associations with T90, and evaluated CRAE and CRVE 
indices separately. The association between OSA and most car-
diovascular outcomes is nonlinear, with elevated disease often 
occurring only with moderate/severe OSA, thus motivating our 
analysis with the more rigorous cutpoints. Evaluating CRVE and 
CRAE separately is also an important contribution of the present 
analysis, since those metrics may be associated with different 
etiologic processes [5, 6] and some evidence suggests they have 
different associations with CVD [32, 33].

Despite AHI being the clinically accepted measure of OSA, 
there has been a recent push to move beyond measuring OSA 
impact solely by event frequency. While there is no consensus 
on what is the best measure of OSA beyond AHI, recent studies 
have connected measures of hypoxic burden duration and sever-
ity, including T90, to CVD risk [29]. Our findings connecting T90 
with CRVE support the utility of examining hypoxic burden, in 

Table 4. Proportion of Total Sleep Time < 90% Oxygen Saturation and Retinal Microvascular Signs: The ARIC Study

Nocturnal hypoxemia

Proportion of total sleep time < 90% Oxygen saturation <1% 1%–<5% ≥5%

Median nocturnal hypoxic impact 0.03 2.26 10.47

N total 1,147 248 230

N microvascular abnormalities (%) 33 (2.9%) 8 (3.2%) 13 (5.7%)

Retinal microvascular abnormalities [OR (95% CI)] p-trend

Model 1 1 (Reference) 1.02 (0.46, 2.25) 1.77 (0.91, 3.45) 0.13

Model 2 1 (Reference) 0.91 (0.41, 2.05) 1.41 (0.68, 2.93) 0.43

Model 3 1 (Reference) 0.78 (0.33, 1.81) 1.13 (0.52, 2.46) 0.87

Model 1: Adjusted for age and sex
Model 2: Adjusted for M1 + education, physical activity, smoking, and BMI
Model 3: Adjusted for M2 + prevalent hypertension, diabetes, CHD, eGFR, LDL cholesterol, HDL cholesterol, and triglycerides.

Table 5. Adjusted Mean Central Retinal Arteriolar and Venular Equivalents According to Proportion of Total Sleep Time < 90% Oxygen 
Saturation: The ARIC Study

Nocturnal hypoxemia

Proportion of total sleep time < 90% Oxygen saturation <1% 1%–<5% ≥5%

N total 1074 234 209

Central retinal arteriolar equivalent (CRAE) μm p-trend

Crude mean (95% CI) 158.9 (158.0, 159.7) 159.0 (157.2, 160.9) 159.2 (157.3, 161.2) 0.71

Model 1 (95% CI) 158.7 (157.8, 159.5) 159.3 (157.5, 161.2) 159.7 (157.7, 161.6) 0.30

Model 2 (95% CI) 160.2 (159.1, 161.3) 161.2 (159.3, 163.2) 161.4 (159.3, 163.5) 0.21

Model 3 (95% CI) 160.2 (158.3, 162.1) 161.3 (158.8, 163.8) 161.1 (158.6, 163.6) 0.30

Central retinal venular equivalent (CRVE) μm

Crude mean (95% CI) 190.1 (189.2, 191.0) 192.0 (190.0, 194.0) 197.9 (195.7, 200.0) <0.0001

Model 1 (95% CI) 190.3 (189.4, 191.2) 191.7 (189.7, 193.7) 197.7 (195.6, 199.8) <0.0001

Model 2 (95% CI) 192.9 (191.7, 194.2) 194.2 (192.1, 196.3) 199.0 (196.7, 201.3) <0.0001

Model 3 (95% CI) 193.9 (191.8, 195.9) 194.9 (192.2, 197.7) 199.7 (196.9, 202.5) <0.0001

Model 1: Adjusted for age and sex
Model 2: Adjusted for M1 + education, physical activity, smoking, and BMI
Model 3: Adjusted for M2 + prevalent hypertension, diabetes, CHD, eGFR, LDL cholesterol, HDL cholesterol, and triglycerides.
Italic: p-value is significant when comparing group to the normal group.
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addition to AHI, to better understand the risks associated with 
 sleep-disordered breathing.

Limitations of the current study should be noted. First, a sin-
gle 45-degree retinal photograph was used to identify abnormali-
ties though the standard clinical practice uses multiple 45-degree 
fields [35]. As such, we may have underestimated the prevalence 
of retinopathy. Second, OSA was assessed using an in-home test 
rather than in a sleep laboratory. AHI measured by in-home pol-
ysomnography is highly concordant to laboratory polysomnogra-
phy, [36] and is preferred to self-reported OSA. We selected AHI as 
our primary exposure given its widespread use in clinical settings. 
However, other metrics of sleep may also have value. In secondary 
analyses, we did explore T90, which is a novel measure of hypoxic 
burden and  may provide a more comprehensive assessment of 
duration and severity of hypoxemia [29]. Third, precision was lim-
ited overall, and particularly when RMP was the outcome of interest. 
Therefore we were unable to conduct meaningful analyses strati-
fied by the presence of diabetes mellitus, which is unfortunate given 
the growing understanding of OSA as a risk factor for diabetic retin-
opathy [23]. Related, no measurement of the duration of diabetes 
was considered. Fourth, the study design was  quasi-cross-sectional 
since sleep assessment took place around visit 4 (1996–1998) while 
retinal photography was performed approximately 3 years prior 
(1993-1995), thus limiting causal inference.

In conclusion, this study found no associations between OSA 
severity or T90 and retinopathy or CRAE. However, participants 
with moderate/severe OSA or T90 ≥ 5% had wider venules, which 
may be early and indicative of changes of increased inflammation 
and future risk of CVD.

Funding
The Atherosclerosis Risk in Communities study has been funded 
in whole or in part with Federal funds from the National Heart, 
Lung, and Blood Institute (NHLBI), National Institutes of Health 
(NIH), Department of Health, and Human Services, under Contract 
nos. (75N92022D00001, 75N92022D00002, 75N92022D00003, 
75N92022D00004, and 75N92022D00005). The ARIC portion of 
the SHHS was supported by NHLBI cooperative agreements 
U01HL53934 (University of Minnesota) and U01HL64360 (Johns 
Hopkins University). Dr. Lutsey is partially supported by NHLBI 
K24 HL159246. Dr. Lakshminarayan is partially supported by NIH 
National Institute on Aging K24 AG078506. The authors thank the 
staff and participants of the ARIC study for their important con-
tributions. Nonfinancial disclosure: None. Conflict of interest: None.

Author Contributions
Nathan Hoeft (Writing—original draft [Equal]), Kelsie Full 
(Writing—review & editing [Equal]), Jeffrey Misialek (Formal 
analysis [Lead], Methodology [Equal], Writing—review & edit-
ing [Supporting]), Kamakshi Lakshminarayan (Writing—review 
& editing [Equal]), Srishti Shrestha (Writing—review & editing 
[Equal]), Jennifer Deal (Writing—review & editing [Equal]), and 
Pamela Lutsey (Writing—original draft [Equal]).

References
1. Guo S, Yin S, Tse G, Li G, Su L, Liu T. Association between caliber 

of retinal vessels and cardiovascular disease: A systematic 
review and meta-analysis. Curr Atheroscler Rep. 2020;22(4):16. 
doi: 10.1007/s11883-020-0834-2

2. Wong TY, Klein R, Couper DJ, et al. Retinal microvascular abnor-
malities and incident stroke: The atherosclerosis risk in com-
munities study. Lancet. 2001;358(9288):1134–1140. doi: 10.1016/
S0140-6736(01)06253-5

3. Wong TY, Klein R, Klein BEK, Tielsch JM, Hubbard L, Nieto 
FJ. Retinal microvascular abnormalities and their rela-
tionship with hypertension, cardiovascular disease, and 
mortality. Surv Ophthalmol. 2001;46(1):59–80. doi: 10.1016/
s0039-6257(01)00234-x

4. Freund KB, Sarraf D, Mieler WF, Yannuzzi LA. The Retinal Atlas. 
Second Edition. Philadelphia, PA, USA: Elsevier; 2017.

5. Liu M, Lovern C, Lycett K, et al. The association between markers 
of inflammation and retinal microvascular parameters: A sys-
tematic review and meta-analysis. Atherosclerosis. 2021;336:12–
22. doi: 10.1016/j.atherosclerosis.2021.09.025

6. Liu M, Wake M, Wong TY, et al. Associations of retinal micro-
vascular caliber with intermediate phenotypes of large arterial 
function and structure: A systematic review and meta‐analysis. 
Microcirculation. 2019;26(7):1–12. doi:10.1111/micc.12557

7. Allon R, Aronov M, Belkin M, Maor E, Shechter M, Fabian ID. 
Retinal microvascular signs as screening and prognostic factors 
for cardiac disease: A systematic review of current evidence. Am 
J Med. 2021;134(1):36–47.e7. doi: 10.1016/j.amjmed.2020.07.013

8. Moss HE. Retinal vascular changes are a marker for cerebral 
vascular diseases. Curr Neurol Neurosci Rep. 2015;15(7):40. doi: 
10.1007/s11910-015-0561-1

9. Wei DYW, Chew M, Sabanayagam C. Obstructive sleep apnoea, 
other sleep parameters and diabetic retinopathy. Curr Diab Rep. 
2021;21(12):58. doi: 10.1007/s11892-021-01425-0

10. Stolk RP, Vingerling JR, Lamberts SWJ, Pols HAP, Grobbee DE. 
Retinopathy, glucose, and insulin in an elderly population. 
Diabetes. 1995;44:5.

11. Munch IC, Kessel L, Borch-Johnsen K, Glümer C, Lund-
Andersen H, Larsen M. Microvascular retinopathy in subjects 
without diabetes: The Inter99 Eye Study. Acta ophthalmologica. 
2012;90(7):613–619. doi: 10.1111/j.1755-3768.2011.2148.x

12. Wong TY, Mitchell P. Hypertensive retinopathy. N Engl J Med. 
2004;351:2310–2317.

13. Klein R, Klein BEK, Moss SE, Wang Q. Blood pressure, hyperten-
sion and retinopathy in a population. Trans Am Ophthalmol Soc. 
1993;91:207–222.

14. Klein R, Sharrett AR, Klein BEK, et al. Are retinal arteriolar 
abnormalities related to atherosclerosis?: The atheroscle-
rosis risk in communities study. Arterioscler Thromb Vasc Biol. 
2000;20(6):1644–1650. doi: 10.1161/01.atv.20.6.1644

15. Steinmetz JD, Bourne RRA, Briant PS, et al. Causes of blindness 
and vision impairment in 2020 and trends over 30 years, and 
prevalence of avoidable blindness in relation to VISION 2020: 
The Right to Sight: an analysis for the Global Burden of Disease 
Study. Lancet Glob Health. 2021;9(2):e144–e160. doi: 10.1016/
S2214-109X(20)30489-7

16. Goodchild TT, Lefer DJ. Obstructive sleep apnea: The not-
so-silent killer. Circ Res. 2020;126(2):229–231. doi: 10.1161/
CIRCRESAHA.119.316359

17. Rana D, Torrilus C, Ahmad W, Okam NA, Fatima T, Jahan N. 
Obstructive sleep apnea and cardiovascular morbidities: A 
review article. Cureus. 2020;12:1–11. doi:10.7759/cureus.10424

18. Yeghiazarians Y, Jneid H, Tietjens JR, et al. Obstructive sleep 
apnea and cardiovascular disease: A scientific statement from 
the american heart association. Circulation. 2021;144(3):e56–e67. 
doi: 10.1161/CIR.0000000000000988

19. Tietjens JR, Claman D, Kezirian EJ, et al. Obstructive 
sleep apnea in cardiovascular disease: A review of the 

https://doi.org/10.1007/s11883-020-0834-2
https://doi.org/10.1016/S0140-6736(01)06253-5
https://doi.org/10.1016/S0140-6736(01)06253-5
https://doi.org/10.1016/s0039-6257(01)00234-x
https://doi.org/10.1016/s0039-6257(01)00234-x
https://doi.org/10.1016/j.atherosclerosis.2021.09.025
https://doi.org/10.1111/micc.12557
https://doi.org/10.1016/j.amjmed.2020.07.013
https://doi.org/10.1007/s11910-015-0561-1
https://doi.org/10.1007/s11892-021-01425-0
https://doi.org/10.1111/j.1755-3768.2011.2148.x
https://doi.org/10.1161/01.atv.20.6.1644
https://doi.org/10.1016/S2214-109X(20)30489-7
https://doi.org/10.1016/S2214-109X(20)30489-7
https://doi.org/10.1161/CIRCRESAHA.119.316359
https://doi.org/10.1161/CIRCRESAHA.119.316359
https://doi.org/10.7759/cureus.10424
https://doi.org/10.1161/CIR.0000000000000988


Hoeft et al. | 7

literature and proposed multidisciplinary clinical man-
agement strategy. J Am Heart Assoc. 2019;8(1):e010440. doi: 
10.1161/JAHA.118.010440

20. Nagayoshi M, Punjabi NM, Selvin E, et al. Obstructive sleep 
apnea and incident type 2 diabetes. Sleep Med. 2016;25:156–161. 
doi: 10.1016/j.sleep.2016.05.009

21. Clapp BR, Hingorani AD, Kharbanda RK, et al. Inflammation-
induced endothelial dysfunction involves reduced nitric oxide 
bioavailability and increased oxidant stress. Cardiovasc Res. 
2004;64(1):172–178. doi: 10.1016/j.cardiores.2004.06.020

22. Janaszak-Jasiecka A, Siekierzycka A, Płoska A, Dobrucki IT, 
Kalinowski L. Endothelial dysfunction driven by hypoxia—the 
influence of oxygen deficiency on NO bioavailability. Biomolecules. 
2021;11(7):982. doi: 10.3390/biom11070982

23. Nakayama LF, Tempaku PF, Bergamo VC, et al. Obstructive sleep 
apnea and the retina: A review. J Clin Sleep Med. 2021;17(9):1947–
1952. doi: 10.5664/jcsm.9312

24. Wright JD, Folsom AR, Coresh J, et al. The ARIC (Atherosclerosis 
Risk In Communities) study. J Am Coll Cardiol. 2021;77(23):2939–
2959. doi: 10.1016/j.jacc.2021.04.035

25. Stuart FQ, Barbara VH, Conrad I, et al. The sleep heart health study: 
Design, rationale, and methods. Sleep. 1997;20(12):1077–1085.

26. Hubbard LD, Brothers RJ, King WN; et al. Methods for evaluation 
of retinal microvascular abnormalities associated with hyper-
tension/sclerosis in the atherosclerosis risk in communities 
study. Ophthalmology. 1999;106(12):12.

27. Couper DJ, Klein R, Hubbard LD, et al. Reliability of retinal photog-
raphy in the assessment of retinal microvascular characteristics: 
The atherosclerosis risk in communities study. Am J Ophthalmol. 
2002;133(1):78–88. doi: 10.1016/s0002-9394(01)01315-0

28. Redline S, Sanders MH, Lind BK, et al.; Sleep Heart Health 
Research Group,. Methods for obtaining and analyzing unat-
tended polysomnography data for a multicenter study. Sleep. 
1998;21(7):759–767. doi: 10.1093/sleep/21.7.759

29. Azarbarzin A, Sands SA, Stone KL, et al. The hypoxic burden of 
sleep apnoea predicts cardiovascular disease-related mortality: 
The osteoporotic fractures in men study and the sleep heart 
health study. Eur Heart J. 2019;40(14):1149–1157. doi: 10.1093/
eurheartj/ehy624

30. Seidelmann SB, Claggett B, Bravo PE, et al. Retinal vessel calibers in 
predicting long-term cardiovascular outcomes: The atheroscle-
rosis risk in communities study. Circulation. 2016;134(18):1328–
1338. doi: 10.1161/CIRCULATIONAHA.116.023425

31. Yatsuya H, Folsom AR, Wong TY, Klein R, Klein BEK, Sharrett 
AR; ARIC Study Investigators. Retinal microvascular abnor-
malities and risk of lacunar stroke: Atherosclerosis risk in 
communities study. Stroke. 2010;41(7):1349–1355. doi: 10.1161/
STROKEAHA.110.580837

32. Drobnjak D, Munch IC, Glümer C, et al. Retinal vessel diame-
ters and their relationship with cardiovascular risk and all-
cause mortality in the inter99 eye study: A 15-year follow-up. J 
Ophthalmol. 2016;2016:1–8. doi: 10.1155/2016/6138659

33. McGeechan K, Liew G, Macaskill P, et al. Prediction of incident 
stroke events based on retinal vessel caliber: A systematic 
review and individual-participant meta-analysis. Am J Epidemiol. 
2009;170(11):1323–1332. doi: 10.1093/aje/kwp306

34. Boland LL, Shahar E, Wong TY, et al. Sleep-disordered breath-
ing is not associated with the presence of retinal micro-
vascular abnormalities: The sleep heart health study. Sleep. 
2004;27(3):467–473. doi: 10.1093/sleep/27.3.467

35. Von Wendt G, Heikkilä K, Summanen P. Detection of retinal 
neovascularizations using 45 ° and 60 ° photographic fields 
with varying 45 ° fields simulated on a 60 ° photograph: Acta 
Ophthalmologica Scandinavica 2002. Acta Ophthalmol Scand. 
2002;80(4):372–378. doi: 10.1034/j.1600-0420.2002.800405.x

36. Redline S, Tosteson T, Boucher MA, Millman RP. Measurement of 
sleep-related breathing disturbances in epidemiologic studies. 
Chest. 1991;100(5):1281–1286. doi: 10.1378/chest.100.5.1281

https://doi.org/10.1161/JAHA.118.010440
https://doi.org/10.1016/j.sleep.2016.05.009
https://doi.org/10.1016/j.cardiores.2004.06.020
https://doi.org/10.3390/biom11070982
https://doi.org/10.5664/jcsm.9312
https://doi.org/10.1016/j.jacc.2021.04.035
https://doi.org/10.1016/s0002-9394(01)01315-0
https://doi.org/10.1093/sleep/21.7.759
https://doi.org/10.1093/eurheartj/ehy624
https://doi.org/10.1093/eurheartj/ehy624
https://doi.org/10.1161/CIRCULATIONAHA.116.023425
https://doi.org/10.1161/STROKEAHA.110.580837
https://doi.org/10.1161/STROKEAHA.110.580837
https://doi.org/10.1155/2016/6138659
https://doi.org/10.1093/aje/kwp306
https://doi.org/10.1093/sleep/27.3.467
https://doi.org/10.1034/j.1600-0420.2002.800405.x
https://doi.org/10.1378/chest.100.5.1281

