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Study Objectives: To characterize the prospective associations of obstructive sleep apnea (OSA) with future echocardiographic measures of adverse

cardiac remodeling

Methods: This was a prospective long-term observational study. Participants had overnight polysomnography followed by transthoracic echocardiography
a mean (standard deviation) of 18.0 (3.7) y later. OSA was characterized by the apnea-hypopnea index (AHI, events/hour). Echocardiography was used

to assess left ventricular (LV) systolic and diastolic function and mass, left atrial volume and pressure, cardiac output, systemic vascular resistance, and
right ventricular (RV) systolic function, size, and hemodynamics. Multivariate regression models estimated associations between log:,(AHI+1) and future
echocardiographic findings. A secondary analysis looked at oxygen desaturation indices and future echocardiographic findings.

Results: At entry, the 601 participants were mean (standard deviation) 47 (8) y old (47% female). After adjustment for age, sex, and body mass index,
baseline log+o(AHI+1) was associated significantly with future reduced LV ejection fraction and tricuspid annular plane systolic excursion (TAPSE) < 15 mm.
After further adjustment for cardiovascular risk factors, participants with higher baseline log«(AHI+1) had lower future LV ejection fraction (B = -1.35 [standard
error = 0.6]/logi(AHI+1), P = 0.03) and higher odds of TAPSE < 15 mm (odds ratio = 6.3/logi(AHI+1), 95% confidence interval = 1.3-30.5, P = 0.02). Sa0,
desaturation indices were associated independently with LV mass, LV wall thickness, and RV area (all P < 0.03)

Conclusions: OSA is associated independently with decreasing LV systolic function and with reduced RV function. Echocardiographic measures of adverse
cardiac remodeling are strongly associated with OSA but are confounded by obesity. Hypoxia may be a stimulus for hypertrophy in individuals with OSA.
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Significance

mortality are needed.

Obstructive sleep apnea is highly prevalent and often under-diagnosed especially during its initial years. The Wisconsin Sleep Cohort provided an
opportunity to study the natural history of sleep apnea in the general population and its effects on the heart. In this observational study, we identified
an association between long term exposure to sleep apnea and a reduction in the strength of cardiac contraction independent of cumulative exposure
to traditional cardiovascular disease risk factors. Studies of early detection and integrated treatment of OSA and obesity on long-term morbidity and

INTRODUCTION

Obstructive sleep apnea (OSA) is associated with increased
cardiovascular disease (CVD) risk."? OSA is characterized
by intermittent episodes of upper airway obstruction with hy-
poxia, increased ventilatory effort, and disrupted sleep that
lead to increased sympathetic activation, release of reactive-
oxygen species, and inflammation.> OSA is associated with
hypertension, insulin resistance, atrial fibrillation, stroke, and
increased CVD morbidity and mortality.>* Nocturnal oxygen
desaturation from OSA is associated with left ventricular (LV)
hypertrophy, a marker of increased CVD risk.®” In subjects
with severe OSA, positive airway pressure (PAP) therapy for
3 mo can reduce LV filling pressures,®® LV mass, right heart
chamber sizes, and right ventricular (RV) pressure.™!" As re-
cently reviewed, a major challenge is to “understand whether
obstructive sleep apnea is a mere epiphenomenon or an ad-
ditional burden that exacerbates the cardiometabolic risk of
obesity and the metabolic syndrome.”'?

The aim of this study was to evaluate associations between
baseline OSA and future measures of cardiac structure and func-
tion using echocardiography in Wisconsin Sleep Cohort Study
participants. We measured associations between OSA, its associ-
ated CVD risk factors including obesity and diabetes mellitus,
and validated echocardiographic markers of cardiac remodeling
and CVD risk in a longitudinal, population-based study.
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METHODS

Participants

This study was approved by the University of Wisconsin
Health Sciences Institutional Review Board. All partici-
pants provided written informed consent. The Wisconsin
Sleep Cohort Study is a longitudinal, population-based study
of OSA.”® In 1988, 6,947 state employees aged 30 to 60 y
old, from five south central Wisconsin State agencies, were
mailed a survey regarding sleep habits, health, and demo-
graphics. Seventy-two percent responded to the survey. From
these respondents, a sampling frame was constructed from
which a stratified random sample of 2,884 persons (nonpreg-
nant and without recent airway cancer, airway surgery, or
decompensated cardiopulmonary disease) were selected and
invited to participate in overnight in-laboratory polysom-
nography studies that were repeated every 4 y. This report
includes a set of 601 consecutive participants from the parent
Wisconsin Sleep Cohort study scheduled to return for their
4-y follow-up sleep visits over the period that funding sup-
ported the echocardiography evaluations, a mean (standard
deviation) 18.0 (3.7) (range 7.5-24.7) y after their baseline
polysomnogram. This was essentially a randomly selected
sample of those subjects free of CVD at the time of baseline
polysomnogram that continued to participate in the cohort.
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Transthoracic echocardiography exams were performed
between September 2009 and April 2014.

We performed an additional set of analyses looking at the
ability of the nocturnal oxygen desaturation parameters mean
Sa0, saturation and percent of time with SaO, < 90% as pre-
dictor variables. Desaturation parameters became available in
2000 with the change in polysomnography equipment to elec-
tronic data collection. The SaO, data used in this additional
analysis were collected between August 24, 2000, through May
30, 2008, a mean of 9.3 (1.6) y prior to the echo data collection.

Polysomnography

Polysomnograms (Grass Instruments, Quincy, MA) were per-
formed at the University of Wisconsin Hospital. Sleep state
was determined by electroencephalography, electrooculog-
raphy, and electromyography. Arterial oxyhemoglobin satura-
tion, oral and nasal airflow, nasal air pressure, and thoracic
cage and abdominal respiratory motion were used to detect
OSA events. Sleep state and respiratory event scoring were
performed by trained sleep technicians. Each 30-sec epoch
of the polysomnographic record was scored for sleep stage
using criteria described by Rechtschaffen and Kales" and for
breathing events. Cessation of airflow lasting > 10 sec defined
an apnea event. A discernible reduction in the sum of thoracic
plus abdomen respiratory inductance plethysmography ampli-
tude that lasted at least 10 sec and that was associated with
a > 4% reduction in oxyhemoglobin saturation defined a hy-
popnea event. The average number of apnea plus hypopnea
events/hour of sleep defined the apnea-hypopnea index (AHI).
Reproducibility of single-night polysomnography was inves-
tigated by conducting second studies in 40 subjects separated
by 7 to 14 days. These results showed that there was no signifi-
cant difference between study nights in the percentage of time
spent in each sleep stage or in the AHI. The mean =+ standard
error AHI for the first and second studies were 3.0 + 1.1 and
3.9 + 1.1 events/hour, respectively.”® The laboratory manager
reviews all studies and rescores a subset of 20% for accuracy.
Intrascorer reliability (based on intraclass correlation coeffi-
cients [ICC]) = 0.95 for the AHI and interscorer (laboratory
manager versus technician) ICC = 0.83.

Transthoracic Echocardiography

Imaging followed the American Society of Echocardiography
Guidelines for acquisition, measurement, and interpretation.'>¢
Images were obtained using an Acuson Sequoia 512 (Siemens
Medical Solutions Inc., Mountain View, CA) with a 4Vic
transducer by registered cardiac sonographers. Measurements
were performed offline in triplicate and blinded from polysom-
nography results using a Syngo Workplace (Siemens, Issaquah,
WA) workstation by a single registered cardiac sonographer
(CEK) and overread by a level I1I echocardiographer (JHS). LV
mass was calculated using two-dimensional-derived American
Society of Echocardiography corrected cubed formula, at end-
diastole. LV mass also was indexed by height (g/m?7) and cat-
egorized as elevated when > 49 g/m?*’ in men and > 45g/m?” for
women."” LV ejection fraction was calculated with the biplane
method of disks using a semi-automated border detection algo-
rithm."®1 Left atrial volume was measured using the biplane
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area-length method.?® LV diastolic function assessments used
mitral valve pulsed wave Doppler and Doppler tissue imaging
at rest and during the Valsalva maneuver.?’ The LV outflow
tract diameter and pulse wave Doppler were used to calculate
stroke volume and cardiac output. Mean brachial pressure was
obtained during the echocardiogram using a standardized pro-
tocol with an automated oscillometric upper arm sphygmoma-
nometer (DINAMAP, GE Medical Systems, Milwaukee, WI)
and the average of two consecutive stable readings was used to
compute systemic vascular resistance. Mean arterial pressure,
right atrial pressure estimated based on respiratory changes in
inferior vena cava diameter and mean flow (LV outflow tract
cardiac output), were used to calculate systemic vascular re-
sistance (80 x [mean arterial pressure — right atrial pressure] /
cardiac output) expressed in dyne X sec/cm?®.

RV fractional area change, pulmonary systolic pressure (de-
rived from the peak tricuspid regurgitation Doppler velocity
and estimated right atrial pressure), pulmonary vascular resis-
tance (10 x tricuspid valve peak regurgitation velocity / time-
velocity integral from the RV outflow tract),? and right atrial
area® were measured and calculated. Tricuspid annular plane
systolic excursion (TAPSE) was obtained using two-dimen-
sional guided M-mode tracings from apical four-chamber
views, maximizing the image resolution and alignment be-
tween the cardiac apex and the tricuspid annulus. TAPSE was
evaluated continuously and categorically (< 15 or > 15 mm).
We included only echocardiographic parameters of reliable
quality in our models. Some data points were missing from
subjects with poor acoustic windows or incomplete Doppler
signals. The echocardiographic parameters described in this
manuscript were obtained from 96.3 % to 99.4% of participants,
with the exceptions of pulmonary vein Doppler velocities, tri-
cuspid regurgitation peak Doppler velocities, and derived pul-
monary vascular resistance (90% present; missing values were
due to poor quality signals or lack of tricuspid regurgitation).

Intrareader reproducibility was assessed by Pearson correla-
tion coefficients and coefficients of variation (CV). A random
sample of 10 echocardiograms was remeasured 2.2 (range 1.7—
2.4) y apart. The coefficient of variation was computed using
the root mean-squared approach.** Reproducibility was excel-
lent for LV mass (r = 0.98, P < 0.001, CV = 6.1%), LV ejec-
tion fraction (r = 0.83, P = 0.003, CV = 3.0%), cardiac output
(r =091, P <0.001 CV = 7.9%), left atrial volume (r = 0.92,
P < 0.001, CV = 10.3%), pulmonary artery systolic pressure
(r=0.92,P<0.001, CV =17.3%), RV end-diastolic area (r = 0.96,
P < 0.001, CV = 4.8%), right atrial area (r = 0.92, P < 0.001,
CV =7.2%), pulmonary vascular resistance (r = 0.92, P <0.001,
CV = 5.4%), and TAPSE (r = 0.83, P < 0.005, CV = 6.0%).
These results are within the desirable reproducibility for echo-
cardiographic outcome variables used in clinical trials or ob-
servational studies.'®*?7

Covariates

Interviews and questionnaires were administered by trained
personnel on nights of the in-laboratory polysomnography
studies. They were updated during echocardiography proto-
cols to obtain information on medical history (e.g., physician-
diagnosed diabetes mellitus, hypertension, lung diseases,
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Table 1—Participant demographics.
Baseline by AHI Category Echocardiography
Characteristics Baseline AHI<5 AHI 5-14.9 AHI 2 15 or PAP Use Visit
n 601 468 76 57 601
Age, years 47 (8) 46 (7) 49 (8) 50 (9) 65 (7)
Female, n (%) 283 (47) 246 (53) 24 (32) 13 (22) -
Body-mass index, kg/m? 29.6 (6.1) 28.8(5.9) 31.0(5.2) 34.4(6.8) 31.8(7.4)
Waist circumference, cm 95 (15) 93 (14) 100 (12) 108 (14) 104 (17)
Apnea-hypopnea index, events/hour® 4.6(9.8) 1.1(1.3) 8.7 (2.9) 29.6 (17.3) 8.5(11.9)
0-4.9 events/hour, n (%) 468 (78) 468 (100) - - 309 (51)
5-14.9 events/hour, n (%) 76 (13) - 76 (100) - 142 (24)
> 15 events/hour, n (%) 53 (9) - - 53 (93) 56 (9)
Positive airway pressure users, n (%) 4(0.7) - - 4(7) 94 (16)
Systolic blood pressure, mmHg 123 (14) 122 (13) 127 (14) 133 (13) 128 (14)
Diastolic blood pressure, mmHg 81(10) 80 (9) 84 (9) 85 (11) 74 (10)
Diabetes mellitus, n (%)® 10 (2) 9(2) 1(1) 0(0) 103 (17)
Current smoker, n (%) 90 (15) 70 (15) 11 (14) 9 (16) 33 (5)
History of pulmonary disease, n (%)°® 79 (13) 65 (14) 5(7) 9(15) 131 (22)
Anti-hypertension medication use, n (%) 66 (11) 42 (9) 13 (17) 11(19) 311 (52)
Lipid lowering medication use, n (%) 23 (4) 15(3) 7(9) 1(2) 292 (49)
Values are mean (standard deviation) or n = count (percentage). No participants had cardiovascular disease at baseline. 2 Self-report or use of anti-glycemic
medications. ®Asthma, obstructive lung disease, or other lung diseases/conditions. ¢ The last non-PAP AHI was used (if available).

self-reported physician-diagnosed CVD defined as myocardial
infarction, coronary artery disease, congestive heart failure,
atherosclerosis, or revascularization procedure, and use of PAP
treatment), medication use, cigarette smoking history, health
behavior, CVD risk factor, and outcome variables. Measures
of body habitus were as previously described.”® Seventeen sub-
jects with CVD at baseline were not included in our analysis.

Statistical Analysis
Analyses were performed with SAS version 9.2 (SAS Institute,
Inc., Cary, NC). AHI was parameterized as logio(AHI+1) when
analyzed as a continuous variable on grounds of model fit and be-
cause of skewed distributions and some zero values, as described
previously.”” Four participants who used PAP during the baseline
polysomnography were excluded from analyses when evaluating
AHI as a continuous variable. We also evaluated oxygen satura-
tion Sa0, measures as mean nocturnal SaO, and percent of time
with Sa0O, < 90% for their ability to predict later echocardio-
graphic parameters (see Tables SI and S5 in the supplemental
material). Additional sub-analyses were performed excluding
all subjects that used PAP therapy at any time within the study
(see Tables S2—S4 in the supplemental material). For echocar-
diographic descriptive values, results were presented using three
AHI categories; normal: 0—4.9 events/hour, mild OSA: 5-14.9
events/hour, and moderate-severe OSA: > 15 events/hour or PAP
use at the echocardiography visit. Descriptive echocardiographic
outcomes data is also presented stratified by baseline BMI cat-
egories (see Table S6 in the supplemental material).
Multivariable linear regression models were used to esti-
mate associations of baseline AHI severity with future cardiac
remodeling and function parameters. All models included
logio(AHI+1), sex, and baseline age as independent variables.
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Final full models additionally included BMI, systolic blood
pressure, and lipid-lowering medication use; current smoking
status at baseline; any history of lung disease at baseline;
change in BMI and systolic blood pressure; blood pressure
medication use (never, at baseline, or use started after base-
line), diabetes mellitus or glycemic control medication use
(never, at baseline, diagnosed after baseline), and ever use of
PAP. The same analyses were performed for both nocturnal O,
desaturation markers (see Table S5 for Mean SaO, saturation
in the supplemental material).

The a priori selection of covariates in the models was based
on established associations and empirical observation between
potential predictor variables and echocardiographic outcomes.
These factors included variables that can act as confounders
(i.e., diabetes mellitus or obesity) or as mediators (i.e., hyper-
tension) of OSA effects on echocardiographic outcome mea-
sures. Models are presented unadjusted then, progressively,
partially, and fully adjusted. We also wanted to account for
those variables that showed significant changes between
visits (baseline polysomnography to echocardiography visit)
including “change in AHI”. P values < 0.05 were considered
statistically significant for main-effects variables. Additional
models explored possible baseline interactions between BMI
with AHI predicting future cardiac remodeling in fully ad-
justed models. A more conservative threshold (P < 0.01), was
used for testing interaction terms because the exploratory na-
ture of the models (see Table S7 in the supplemental material).

RESULTS

Demographic characteristics from the baseline polysomnog-
raphy and the subsequent echocardiography visits are pre-
sented in Table 1. At the time of the baseline polysomnogram
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Table 2—Echocardiographic outcomes stratified by baseline apnea-hypopnea index category.

Echocardiographic Outcome AHI<5
n 468
LV mass (corrected), g 149.8 (40.9)
LV wall thickness, cm 9.0(1.2)
LV ejection fraction, % 61.6 (5.3)
Left atrial volume, mL 67.8 (21.1)
Cardiac output, L/min 54 (1.2)
Systemic vascular resistance, dynes x sec/cm® 1,355 (311)
Mitral valve inflow E/A ratio 1.0(0.3)
Lateral mitral annulus E/e’ ratio 6.5(24)
Pulmonary vein systolic/diastolic ratio 1.3(0.3)
Right atrial area, cm? 17.6 (3.9)
RV end-diastolic area, cm? 19.3 (5.1)
RV fractional area change, % 42.1(7.3)

TAPSE (% < 15 mm) 1.1
Pulmonary artery systolic pressure, mmHg
Pulmonary vascular resistance, Woods units

adjustment for age and sex. Bold type indicates P < 0.05.

Spearman Partial Correlation*
Baseline AHI Category with logo(AHI+1)
AHI 5-14.9 AHI 2 15 or PAP Use rho P value*
76 57

164 2(51.0) 183 6 (52.5) 0.202 <0.001
3(1.3) 8(1.2) 0.190 <0.001
59 8 (6.0) 60 6 (5.3) -0.099 0.017
77 1(27.4) 79.8 (28.7) 0.108 0.009
5(1.2) 58(1.1) 0.151 <0.001
1 314 (305) 1,263 (274) -0.131 0.002
.0(0.3) 1.0(0.3) -0.053 0.200
2 (3.5) 6.7 (2.0) 0.108 0.009
3(0.3) 1.2(0.5) -0.008 0.840
19 2(5.0) 19.2 (4.4) 0.040 0.330
21.3(5.3) 219 (5.5) 0.142 0.001
40.1 (6.5) 41.2(7.1) -0.005 0.900
5.6 35 0.138 0.001
30.9(8.1) 31.1(6.7) 0.086 0.045
1.7 (0.3) 1.7(0.3) 0.047 0.280

All values are expressed as mean (standard deviation) unless otherwise noted. No participants had cardiovascular disease at baseline. LV, left ventricle;
PAP, positive airway pressure; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion. *Partial Spearman correlation for log«o(AHI+1) after

(baseline), the 601 participants were mean 47 (8) y old; 47% fe-
male, and 97% Caucasian. Mean (standard deviation) AHI was
4.6 (9.8) events/hour and only four subjects used PAP. A subset
of 119 study participants had baseline polysomnograms apneas
scored and were classified as having primarily obstructive or
central apneas. Within that representative sample, 82% of ap-
neas were obstructive. All study participants were reevaluated
18.0 (3.7) y later when they had a transthoracic echocardiogram.
During this time, participants showed significant increases in
BMI, from 29.6 (6.1) to 31.8 (7.4) kg/m? (P < 0.001), and sys-
tolic blood pressure despite more participants taking blood
pressure control medications (P < 0.01). Diabetes mellitus
developed in many participants during follow-up (prevalence
increased from 2% to 17%). A significant number of subjects
became PAP users (0.7% at baseline to 16%, P <0.001); among
non-PAP users mean AHI increased from 4.6 (9.8) events/hour
to 8.5 (11.9) events/hour (P < 0.001). At baseline, 17 partici-
pants (2.7%) had CVD and were excluded from the analysis;
an additional 78 participants (13%) reported CVD at the echo-
cardiography visit.

For the secondary analysis focusing on the predictive ability
of nocturnal O, desaturation parameters, the sample was ob-
tained nearly 10 y later. As expected, more subjects had re-
ceived a diagnosis of CVD at baseline (n = 46) and 22 were
using PAP at the first visit, resulting in a smaller sample size of
474 (Table Sl in the supplemental material).

Table 2 shows associations between echocardiographic mea-
surements presented by baseline AHI category, adjusted for age
and sex. Baseline AHI was positively associated with future
LV mass, LV wall thickness, left atrial volume, cardiac output,
transmitral E/e’ ratio, RV end-diastolic area, pulmonary artery
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systolic pressure, and TAPSE (% < 15mm), and inversely as-
sociated with LV ejection fraction and systemic vascular resis-
tance, after adjustment for age and sex. LV ejection fraction
was significantly lower (r = —0.099, P = 0.017) among those
with higher baseline AHI.

For echocardiographic variables that showed a significant
association with baseline AHI severity, multivariate linear re-
gression models were constructed and are presented in Table
3. Higher baseline logio(AHI+1) predicted future lower LV
ejection fraction in the full model (Table 4). For every tenfold
increase in AHI events/hour, there was an adjusted, indepen-
dent decrease in ejection fraction of 1.3% (P = 0.039); for a
participant with an AHI of 10 events/hour we expect a reduc-
tion in LV ejection fraction of 1.4% but for a participant with
an AHI of 30 events/hour a reduction of 2.0%. Baseline OSA
severity also was associated with several other future echocar-
diographic variables when age and sex were the only covari-
ates; however, these relationships became nonsignificant when
BMI was added to the model (Table 3). Cardiac output was
positively associated with AHI, but this relationship became in-
verse and not significant after BMI was included in the models,
suggesting a higher flow state driven by increased body size.
This latter finding is consistent with the inverse association
seen between AHI and systemic vascular resistance (P = 0.001),
which probably was due to the higher cardiac output relative to
the mean blood pressure elevation, which changed direction-
ality and lost statistical significance after adjustment for BMI.
In logistic regression models, baseline logi(AHI+1) indepen-
dently predicted low TAPSE (< 15 mm) in the full model (odds
ratio = 6.3 / logio(AHI+1), 95% confidence intervals = 1.3-30.5,
P =0.02). We also ran the same analyses excluding the 108 PAP
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Table 3—Multivariate regression modeling results for baseline logio(AHI+1) predicting later echocardiographic outcomes.

Echocardiographic Model 1 Model 2 Model 3 Model 4

Outcomes n Beta SE Pvalue Beta SE Pvalue Beta SE Pvalue Beta SE Pvalue
LV mass (corrected), g 593  23.76 3.98 <0.001 6.28 392 0110 -136 399 0730 -174 396 0.660
LV wall thickness, cm 579 061 0.12 <0.001 016 0.12 0.160 0.05 0.12 0.670 0.05 0.12 0.690
LV ejection fraction, % 584 -122 053 0.021 -1.08 058 0060 -127 062 0.040 -135 0.62 0.031
Left atrial volume, mL 596 765 213 <0.001 122 221 0580 -041 236 0860 -067 236 0.780
Cardiac output, L/min 579 041 0.11 <0.001 -004 011 0740 -006 012 0640 -0.07 0.12 0.550
Systemic vascular 579 -98.17 30.00 0.001 7.65 30.80 0.800 436 3282 0.890 488 3265 0.880

resistance

(dynes x sec/cm®)
Mitral valve inflow E/Aratio 585  -0.01  0.03  0.640 0.01 0.03 0.850 0.00 0.03 0.890 0.00 0.03 0910

Lateral mitral annulus 589 064 023 0.007 015 025 0540 -020 026 0440 -025 0.26 0.330
E/e’ ratio

Pulmonary vein 560 -0.05 0.03 0.140 -0.05 004 0210 -0.04 0.04 0340 -0.03 0.04 0.390
systolic/diastolic ratio

Right atrial area, cm? 584 082 0.37 0.028 001 039 090 -010 042 0820 -012 042 0.770

RV end-diastolic area, cm? 578 160 047 0.001 0.03 048 0.940 002 051 0970 -0.04 051 0.940

RV fractional area 578 -041 072 0570 0.17 0.78 0.820 0.07 0.83 0.940 0.18 0.84 0.860
change, %

TAPSE, mm 571 -052 0.38 0.170 -053 042 0200 -078 044 0.080 -0.76 044 0.090

Pulmonary artery systolic 544 186 0.70 0.008 053 0.75 0.480 021  0.79 0.800 018 0.79 0.820
pressure, mmHg

Pulmonary vascular 527 0.05 0.03 0.170 0.05 0.04 0.140 0.07 0.04 0.090 0.07 0.04 0.070
resistance, Woods units

Model 1 includes: age at baseline, sex, and log«(AHI+1) at baseline. PAP users at baseline were excluded. No participants had cardiovascular disease at
baseline. Model 2 includes: model 1 plus BMI at baseline. Model 3 includes: model 2 plus change in BMI, ever diabetes mellitus (self-report or use of anti-
glycemic medications) status through ECHO visit, lipid lowering medications at baseline, current smoker at baseline, any history of lung disease through
baseline, and “ever used PAP” through echo visit. Model 4 includes: model 3 plus systolic blood pressure, change in SBP, blood pressure medication use
(never, at baseline, use started after baseline). AHI, apnea-hypopnea index; BMI, body mass index; SE, standard error; LV, left ventricle; PAP, continuous
positive airway pressure; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion. Bold type indicates P < 0.05.

Table 4—Predictors of left ventricular ejection fraction (%).

Model Excluding Blood Pressure Model Including Blood Pressure
Covariates Covariates
Model Variables Beta (SE) P value Beta (SE) P value
Age at baseline -0.00 (0.03) 0.930 -0.00 (0.03) 0.890
Sex (Female) 1.45 (0.48) 0.003 1.56 (0.49) 0.002
Logio(AHI+1) at baseline -1.27 (0.62) 0.040 -1.35(0.62) 0.030
BMI at baseline -0.03 (0.04) 0.470 -0.03 (0.04) 0.450
Change in BMI -0.06 (0.06) 0.270 -0.06 (0.06) 0.280
Systolic blood pressure at baseline 0.03 (0.02) 0.130
Change in systolic blood pressure 0.00 (0.02) 0.890
Baseline anti-hypertensive medication use -1.25(0.81) 0.120
Added anti-hypertensive medication since baseline PSG -0.58 (0.52) 0.270
Current smoking at baseline -0.44 (0.64) 0.490 -0.47 (0.64) 0.470
History of pulmonary disease through baseline -0.28 (0.67) 0.680 -0.29 (0.67) 0.660
Lipid-lowering medication use at baseline -0.63 (1.20) 0.600 -0.60 (1.21) 0.620
Ever diabetes mellitus through echo visit? 0.24 (0.64) 0.700 0.35 (0.66) 0.600
Ever used PAP therapy through echo visit 0.47 (0.69) 0.500 0.57 (0.69) 0.410

aSelf-report or use of anti-glycemic medications. AHI, apnea-hypopnea index; BMI, body mass index; SE, standard error; LV, left ventricle; PAP, continuous
positive airway pressure; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion. No participants had cardiovascular disease at baseline.
Bold type indicates P < 0.05.
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users from the analysis (n = 493) with very similar results (see
Tables S2—S4 in the supplemental material). We also tested
the effect of “change in Logi(AHI+1)” between baseline and
echocardiogram visit, adding it as a covariate to our full models
excluding PAP users. Change in AHI was associated with in-
creased wall thickness (Beta [Standard Error] = 0.26 [0.129] cm,
P = 0.045) and increased E/e’ ratio (0.574 [0.266], P = 0.032)
whereas it did not modify the independent association between
baseline AHI predicting LV ejection fraction and TAPSE.

Mean nocturnal SaO, saturation and percent sleep time with
Sa0, < 90% were independent predictors of LV mass and LV
wall thickness in fully-adjusted models (see Table S5 in the
supplemental material presenting Mean SaO, saturation re-
sults). A 1% decrease in mean SaO, saturation was associated
with a LV mass increase of 4.38 g (P = 0.001), an increase in
LV wall thickness of 0.14 cm (P < 0.001), and a RV area in-
crease of 0.40 cm? (P = 0.021). In these models, we did not
identify an association with LV ejection fraction and TAPSE,
likely explained by the removal of 46 subjects in whom CVD
developed between the initial polysomnogram and this later
polysomnographic evaluation. This interim analysis highlights
the importance of hypoxia severity, not just the AHI, in pro-
moting cardiac remodeling.*

To explore for possible effect modification of OSA associa-
tions with echocardiographic outcomes by obesity, we created
models that included interaction terms between log;o(AHI+1)
and BMI (see Table S6 for echocardiographic outcomes by
BMI categories and Table S7 for interaction models in the sup-
plemental material) and presented the effects of Logio(AHI+1)
centered at different BMI values.

DISCUSSION

The Wisconsin Sleep Cohort study provided a unique oppor-
tunity to evaluate prospectively the long-term associations of
OSA exposure on cardiac remodeling in the context of tradi-
tional CVD risk factors and temporal changes in body weight,
systemic hypertension, diabetes mellitus, and clinical OSA
treatment.

OSA and Left Ventricular Systolic Function

We found that OSA independently was associated with lower
LV ejection fraction on average more than a decade following
initial OSA assessment. Similar results using LV M-mode
measurements were found in a cross-sectional analysis of the
Sleep Heart Health Study participants.’ Because the average
LV ejection fraction of our participants in all AHI categories
was in the normal range, our findings may indicate subclinical
left ventricular systolic dysfunction. Although the independent
negative effect of AHI on LV ejection fraction appears small
from a clinical perspective, small differences in LV ejection
fraction can have large implications at a population level and
individuals vary in susceptibility to this effect. Recent work
showed lower longitudinal systolic strain and strain rate and
delayed diastolic strain rates as apnea severity increased in
subjects with preserved ejection fraction.”>* Another evalu-
ation of OSA exposure and future effects on LV remodeling
found that recent history of OSA symptoms was associated
with diastolic dysfunction; prolonged exposure (> 10 y) to OSA
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was associated with systolic dysfunction and worse systemic
hypertension.** That study only had 220 subjects and retro-
spectively collected information about length of OSA symp-
toms from spouses or other household members. Our findings,
in a larger sample with an objective history of length of OSA
exposure and severity, validate and extend their initial obser-
vations. In another recent population study of more than 1,600
subjects, the only echocardiographic variable that was associ-
ated independently with history of OSA was left ventricular
hypertrophy and only in women.* Compared to clinical trials
that enroll subjects with preexisting cardiovascular condi-
tions,**3” such as known coronary artery disease or with risk
factors for heart failure, our cohort population did not show
independent associations between OSA severity and diastolic
dysfunction after adjustment for BMI.

OSA, Obesity, and LV changes
Obesity, a major risk factor for obstructive sleep apnea, is asso-
ciated with chronic volume overload, increased stroke volume
and cardiac output,® as well as hypertension and hyperinsu-
linemia.** These changes promote LV dilation and increased
wall stress stimulating the development of LV hypertrophy
with preserved ejection fraction.” In a recent study of 720 in-
dividuals with preserved ventricular function and atrial fibril-
lation followed for 3.3 (1.5) y, OSA and BMI independently
predicted increased LV mass on cardiac magnetic resonance
imaging.** In our study, elevated cardiac output with lower
systemic vascular resistance also was associated with higher
BMI. In addition, obesity and OSA promote inflammation with
leptin and insulin resistance, factors that contribute to LV hy-
pertrophy and remodeling. 4"+

In the Sleep Heart Health Study, OSA predicted LV mass
after adjustment for traditional risk factors including BMI.*
Their cross-sectional study included a large sample of 2,058
participants. Recently a study of 1,645 participants from the
Atherosclerosis Risk in Communities study and the Sleep
Heart Health study looked at the association between OSA and
echocardiographic findings after an average interval of 13 y.**
Their main finding was a positive association between OSA
categories and LV mass only in females (adjusted for height).
They did not detect significant changes in systolic or diastolic
function. Interestingly, our prospective study did not fully re-
produce their findings regarding LV mass when using AHI as
the marker for OSA severity, but we were able to detect a signif-
icant independent association between measures of O, satura-
tion and LV mass, LV wall thickness, and RV area in a smaller
sample studied an average of 9.3 y before the echocardiograms.

OSA, Obesity, and RV changes

We confirmed previous reports of strong associations between
RV measures of size with BMI, which may obscure a more
subtle relationship with OSA.* We demonstrated that lower
mean Sa0O, saturation independently predicted greater RV end
diastolic area (P = 0.021) and that baseline AHI interacts with
BMI as a predictor of increased RA area. Other studies have
shown improvement in RV morphology after 6 mo of PAP
therapy.* Pulmonary hypertension was not prevalent in our
cohort. A trend was observed for increasing pulmonary artery
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systolic pressure with baseline AHI or mean SaO, saturation,
but these findings were driven by obesity.

In summary, we were able to demonstrate associations be-
tween OSA severity and future, adverse echocardiographic
measures of LV and RV function, size, and loading conditions,
independent of traditional CVD risk factors in a large popu-
lation-based study of the natural history of sleep-disordered
breathing. The very long interval of observation in a cohort of
this size is unique and appropriate to detect meaningful out-
come data in this complex condition. Furthermore, we were
able to detect significant independent associations between
measures of O, saturation and LV mass, LV wall thickness, and
RV area in a smaller sample studied an average of 9.3 y be-
fore the echocardiograms. However, in these models, we did
not identify associations with LV ejection fraction and TAPSE,
likely because of the removal of 46 participants in whom CVD
had developed between the initial polysomnogram and the later
evaluation. These findings highlight the importance of hypoxia
severity, not just the AHI, in promoting cardiac remodeling.*

Limitations

As an observational study, this study and the associations we
identified may be affected by unmeasured variables. The study
cohort is 97% Caucasian; therefore, our findings may not be
generalizable to other ethnic groups. The severity of OSA in
our cohort was representative of the general population at its
inception, so few participants had severe OSA, limiting our
ability to fully characterize echocardiographic associations
with OSA across the full spectrum of OSA severity. A high
percentage of participants were taking blood pressure medi-
cations at entry and many more started during the interval
between baseline and echocardiogram visit. This may have
obscured stronger associations between OSA and structural
and functional cardiac adaptations. Because of the study de-
sign, only participants who survived the observational period
and maintained reasonable mobility could attend the echocar-
diography visit, possibly underestimating the associations with
abnormal echocardiographic findings.*¢

A large number of study participants affected by OSA
started PAP treatment between baseline and echocardiography
visits. Treatment of OSA and other CVD-protective therapies
such as antihypertensive medications creates analytical chal-
lenges that are not solvable in an epidemiological study. That
is, assuming these therapies are effective, rather than simply
markers of healthy behavior, any positive associations found
would be in spite of, not due to, the widespread use of thera-
peutic interventions.

A lack of objective compliance information precluded us
from performing a detailed PAP analysis of PAP treatment ef-
fect, but our subanalysis excluding all PAP users did not alter
our primary findings. Because echocardiography data were
not available at the baseline visit, we cannot exclude the pos-
sibility of preexisting cardiac abnormalities at baseline, but all
individuals with physician-confirmed CVD at baseline were
excluded from these analyses.

Our a priori aim was to determine if OSA had an effect
on hemodynamic conditions that resulted in cardiac remod-
eling, diastolic function, and ultimately systolic function. The
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number of echocardiographic variables studied is typical for an
echocardiography analysis in order to assess groups of corre-
lated measures that are physiologically or pathophysiologically
related, such as cardiac remodeling (LV mass, LA size, RV
end-diastolic area), ventricular systolic function (LV fractional
shortening and ejection fraction, RV fractional area change
and TAPSE), hemodynamics (cardiac output, pulmonary and
systemic vascular resistance, LA pressure, and pulmonary
pressures) and LV relaxation (E/A ratio, E/e’, pulmonary vein
S/D ratio, and LA pressure assessment). Therefore, we do not
view our examination of multiple outcomes as an attempt only
to find statistically significant associations or in need of mul-
tiple comparisons correction. We also do not view our findings
as examinations for which a binary decision of “significant”
or “not significant” is relevant. The precision with which our
associations are measured and ultimate replication of our re-
sults is more important in interpreting our findings than simple
P value testing. We note that many of our findings would not
remain statistically significant if conservative Bonferroni cor-
rections were applied to them. The readers and future scien-
tists will need to interpret them in that light.

CONCLUSIONS

Prevalent OSA is an independent predictor of future decre-
ments in LV and RV systolic function. Nocturnal hypoxia may
be a stimulus for LV hypertrophy and RV remodeling in indi-
viduals with OSA. These structural cardiac abnormalities may
mediate some of the increased CVD risk associated with OSA.
A multidisciplinary approach for early diagnosis and treatment
of OSA and the accompanying metabolic disturbances is re-
quired to prevent the development of cardiac abnormalities and
to reduce CVD risk.

ABBREVIATIONS

AHI, apnea-hypopnea index

CV, coefficient of variation

CVD, cardiovascular disease

LV, left ventricle

PAP, positive airway pressure

RV, right ventricle

OSA, obstructive sleep apnea

SE, standard error

TAPSE, tricuspid annular plane systolic excursion
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