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Study Objectives: Sleep apneais prevalentin patients undergoing coronary artery bypass grafting (CABG). We investigated the relationship between sleep apnea and
recurrent heart failure hospitalizations in patients undergoing nonurgent CABG.

Methods: Between November 2013 and December 2018, 1,007 patients completed a sleep study prior to CABG and were followed up until April 2020. Recurrent heart
failure hospitalizations were analyzed by Poisson, negative binomial, Andersen-Gill, and joint frailty models, with partial and full adjustment for covariates.
Results: At an average follow-up of 3.3 years, the number of patients with 0, 1, or = 2 heart failure hospitalizations were 908 (90.2%), 62 (6.2%), and 37 (3.7%),
respectively. The total number of heart failure hospitalizations was 179, comprising 62 (35%) first and 117 (65%) repeat events. The numbers of heart failure hospi-
talizations forthe sleepapnea (n=513,50.9%) and nonsleep apneagroups were 127 and 52, respectively. Negative binomial regression demonstrated that sleep apnea
was associated with recurrent heart failure hospitalizations (fully adjusted rate ratio, 1.71; 95% confidence interval [CI], 1.12-2.62; P=.013). Similar results were found
in Poisson (1.63; 95% Cl, 1.15-2.31; P =.006), Andersen-Gill (1.66; 95% Cl, 1.01-2.75; P = .047), and joint frailty models (1.72; 95% ClI, 1.00-3.01; P = .056)
Conclusions: Inpatients after CABG, repeat events accounted for two-thirds of heart failure hospitalizations. Sleep apneawas independently associated with recurrent
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BRIEF SUMMARY

pendently associated with recurrent heart failure hospitalizations.

Current Knowledge/Study Rationale: Sleep apnea is prevalent in patients undergoing coronary artery bypass grafting. We investigated the relationship
between sleep apnea and recurrent heart failure hospitalizations in patients undergoing nonurgent coronary artery bypass grafting.
Study Impact: In patients after coronary artery bypass grafting, repeat events accounted for two-thirds of heart failure hospitalizations. Sleep apnea was inde-

INTRODUCTION

Coronary artery bypass grafting (CABG) is the most common
cardiac surgery worldwide. In the United States alone, the annual
volume of CABG procedures is over 150,000." Although adjunc-
tive pharmacotherapy and technical advances have reduced the
perioperative mortality to 1-3%,% the incidence of unscheduled
hospitalizations within the first year after CABG is up to 40%.*>
Unscheduled hospitalizations result in compromised satisfaction
and financial burden on both patients and institutions.>*° Notably,
a leading cause of unscheduled hospitalizations after CABG is
heart failure.**>

Sleep apnea is a prevalent comorbidity in patients with cardio-
vascular disease and occurs in approximately 50% of patients
undergoing CABG.”* Characterized by repetitive episodes of
upper-airway obstruction during sleep, which result in intermit-
tent hypoxia and sleep arousal,”'” sleep apnea is associated
with adverse myocardial remodeling'' and decreased survival
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in patients with stable heart failure.'* In the recently published
Sleep Apnea and Bypass Operation (SABOT) study, we showed
that at 2 years after a nonemergent CABG patients with sleep
apnea had a 1.57-fold increased risk of having a composite end-
pointthat comprised cardiac death, myocardial infarction, stroke,
and unplanned revascularization.'* However, that analysis was
based on conventional time-to-first-event analysis, which is sub-
optimal for heart failure hospitalization as data on repeat events
are ignored.'* Because heart failure hospitalization is an endpoint
that recurs frequently, the use of repeat-event analysis provides a
better representation of disease burden than time-to-first-event
analysis.'>'®

Toaddress this issue, we conducted a secondary analysis of the
extended follow-up data of the SABOT study to investigate the
association between sleep apnea and recurrent heart failure hospi-
talizations in patients undergoing anonemergent CABG. Asthere
is no universal expert consensus regarding the optimal method, "’
we used four widely used statistical models for recurrent heart
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failure hospitalizations, namely the Poisson regression,
Andersen—Gill, negative binomial regression, and joint frailty
models.">™'® We hypothesized that the burden of recurrent heart
failure hospitalizations would be higher in the sleep apnea group
than in the nonsleep apnea group.

METHODS

Study design

The study design and results of the SABOT study have been pub-
lished elsewhere.'® The SABOT study was a prospective obser-
vational cohort study of patients undergoing nonemergent
CABG that investigated the association between sleep apnea
and the primary composite endpoint of major adverse cardiac
and cerebrovascular events, including cardiac death, myocardial
infarction, stroke, and unplanned revascularization (the main
findings were not repeated in this report). The analyses of the end-
points were based on time-to-first-event using Cox proportional
hazards regression. The SABOT study complies with the Decla-
ration of Helsinki and has been registered with Clinical Trials.gov
(NCT02701504) and was approved by the local institutional
review board (Domain Specific Review Board-C, National
Healthcare Group Reference number: DSRB-C: 2013/00570).
All participants gave written informed consent. The data underly-
ing this article will be shared on reasonable request to the corre-
sponding author.

During the study period, sleep apnea screening and treatment
before CABG was not a standard clinical practice at our institu-
tion. Patients aged 18-90 years who were scheduled to undergo
nonemergent CABG, defined as an interval of >24 hours between
the decision to perform CABG and the operative procedure, were
deemed eligible for this study. Patients were excluded if they had
received continuous positive airway pressure therapy or other
forms of treatment for sleep apnea, mechanical ventilation or an
intraaortic balloon pump for cardiogenic shock, or oxygen ther-
apy for an exacerbation of ongoing heart failure; were considered
high-risk for malignant arrhythmia; were using long-term
a-blocker therapy; or had a history of severe chronic pulmonary
disease. As a standard practice at our institution, all patients
undergoing nonemergent CABG were admitted at least 1 day
prior to surgery. Eligible patients underwent an overnight sleep
study on the night before CABG. The teams providing clinical
care to the patients were blinded to the results of the sleep study.
All patients were followed prospectively via a combination of
clinic visits, medical records review, and/or telephone contact.
All subsequent clinical care and management was conducted as
per routine clinical practices. Out of the 1,378 patients
approached, 272 declined participation. This is an ancillary study
ofthe original SABOT study, and a CONSORT diagram is avail-
able in the original publication."?

Sleep apnea is defined as an apnea-hypopnea index of > 15
events/h. All patients were followed prospectively through a
combination of clinical visits, electronic records review, and/or
phone contact.

Between November 2013 and December 2018, a total of 1,007
patients were recruited and underwent a sleep study (prior to
administration of sedation or anesthesia) using a US Food and
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Drug Administration—approved wrist-worn portable device
(Watch-PAT 200, I[tamar Medical, Caesarea, Israel). Sleep apnea
was diagnosed in 513 (50.9%, out of 1,007) patients. All of the
study participants who underwent a sleep study were informed
of the results by mail within 1 month. Patients diagnosed with
sleep apnea were offered a referral letter to the sleep clinic for
evaluation. Only six patients accepted the referral and three
attended the sleep clinic. None of the three patients was on contin-
uous positive airway pressure therapy for more than 3 months.

Heart failure hospitalization

Heart failure hospitalization was predefined as an unscheduled
hospital admission for a primary diagnosis of heart failure with
a length of stay exceeding 24 hours, according to the 2017 Stan-
dardized Data Collection for Cardiovascular Trials Initiative.?’
As a standard practice at our institution, all patients admitted
for heart failure after CABG underwent an echocardiography.
All the echocardiography studies were analyzed at the same lab-
oratory. For this report, left ventricular ejection fraction was cat-
egorized into reduced (< 50%) vs preserved (= 50%).

Statistical analysis

Bar plots were used to illustrate the distribution of heart failure
hospitalizations between the sleep apnea and nonsleep apnea
groups. The cumulative incidence of heart failure hospitalizations
and its rate ratio were calculated for the two groups.

Frequencies and percentages were used to summarize the cat-
egorical variables, and Pearson’s x> test for independence was
used to compare the categorical variables among the groups based
on the number of heart failure hospitalizations (ie, 0, 1, and = 2).
Continuous variables following normal distributions were pre-
sented as means with standard deviations and compared using
one-way analysis of variance. Variables that did not follow nor-
mal distributions were summarized as medians with interquartile
ranges and compared using Kruskal-Wallis one-way analysis of
variance.

All patients were followed up prospectively for an extended
duration until April 30,2020. To account for the heart failure hos-
pitalizations in the extended follow-up duration, Cox regression
time-to-first-event analysis was conducted.

Four recurrent analyses of heart failure hospitalizations were
performed, taking into account the total exposure time of each
patient. These analyses are widely adopted across a range of
approaches.'®!*? In the Poisson regression model, the rate ratio
forheart failure hospitalizations between the sleep apnea and non-
sleep apnea groups was derived.”? However, as the recurrence of
heart failure hospitalizations is associated with individual patient
factors, this violates the assumption of Poisson regression that the
likelihood of recurrent heart failure hospitalizations is similar
across patients. Hence, negative binomial regression was addi-
tionally utilized, which models the recurrent events of each
patient according to his/her own Poisson hospitalization rate,
thus inducing an association between recurrent events.'®'® As
the time between recurrent events is not accounted for in the Pois-
son regression and negative binomial regression models, the
Andersen—Gill model was additionally utilized."'®' Robust stan-
dard errors were used in the Andersen—Gill model to account for
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heterogeneity in heart failure within
patients.>!*2

To account for the competing risk of cardiovascular death, a
composite of heart failure hospitalizations and cardiovascular
deaths was computed to derive adjusted rate ratios in the Poisson
and negative binomial regressions.'®'® Additionally, the joint
frailty model was utilized as the fourth model in our analyses,
as it simultaneously analyses heart failure hospitalizations and
an associated time to cardiovascular death.'®

Two multivariate models were built using baseline covariates
with statistically significant association with heart failure hospi-
talizations (P<.05) and based on clinical relevance. Adjusted rate
ratios were calculated for all statistical analyses.

Descriptive statistics and the majority of recurrent analyses
were carried out using the IBM SPSS Statistics 25 (IBM, New
York, New York, United States). The Andersen—Gill models fit-
ted using the Lin—Wei—Yang—Ying semiparametric regression
approach were computed using the “reReg” package,” while
the joint frailty models were fitted using the “frailtypack” pack-
age®*inthe R software (version 3.5.2; The R Project for Statistical
Computing, Vienna, Austria). A statistically significant finding
was indicated by a two-sided P value of <.05.

RESULTS

Incidence of heart failure hospitalizations

The average follow-up duration was 3.3 + 2.4 years. Out of the
1,007 patients, 68 died and the numbers of patients with 0, 1, or
= 2 heart failure hospitalizations were 908 (90.2%), 62 (6.2%),
and 37 (3.7%), respectively. The maximum number of heart fail-
ure hospitalizations per patient was 11. Among the 99 patients
with at least 1 heart failure hospitalization, 62 had reduced

hospitalizations
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(< 50%) and 37 had preserved (= 50%) left ventricular ejection
fraction based on echocardiography. The total number of heart fail-
ure hospitalizations was 179, 62 (35%) of which were first events
and 117 (65%) were repeat events. No association was observed
between the left ventricular ejection fraction (< 50% vs = 50%)
and the number of heart failure hospitalizations (P = .584).

The average follow-up durations were similar between the
sleep apnea (n = 513) and nonsleep apnea (n = 494) groups (3.3
+3.1 vs 3.4+ 1.5 years, P =.467). The numbers of heart failure
hospitalizations in the sleep apnea and nonsleep apnea groups
are compared in Figure 1. The total cost of heart failure hospital-
izations for the sleep apnea and nonsleep apnea groups was
$679,535 and $278,235, respectively.

Baseline variables and heart failure hospitalizations
The baseline demographic and clinical characteristics of the
patients with 0, 1, or = 2 heart failure hospitalizations are shown
in Table 1. Compared with patients without heart failure hospital-
izations, those with heart failure hospitalizations (1 or = 2) were
older, more likely to be Indians (vs Chinese and Malays), had
higher prevalence of hypertension and diabetes mellitus, and
were more likely to have a family history of premature coronary
artery disease. Likewise, compared with patients without or with
1 heart failure hospitalization, patients with > 2 heart failure hos-
pitalizations had a higher prevalence of chronic kidney disease,
previous myocardial infarction, previous percutaneous coronary
intervention, higher apnea-hypopnea index, higher oxygen desa-
turation index, and higher percentage of sleep with arterial oxy-
gen saturation < 90%.

Table 2 presents the findings from the diagnostic coronary
angiography and echocardiography evaluation. Compared with
patients without or with 1 heart failure hospitalization, patients
with > 2 heart failure hospitalizations were more likely to have

Figure 1—Number of heart failure hospitalizations by sleep apnea status.
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Table 1—Demographic, clinical characteristics, and sleep study results.

lor on December 2, 2021. For personal use only. No other uses without permission.

. Number of Heart Failure Hospitalizations
Characteristics P
0 (n =908) 1(n=62) 22(n=37)

Age, median (IQR), y 61.0 (56-67) 65.5 (58.8-69.3) 62.0 (56.5-69.5) .026
Male sex, n (%) 789 (86.9) 51 (82.3) 31 (83.8) 520
Ethnicity, n (%) .008
Chinese 597 (65.7) 36 (58.1) 19 (51.4)

Malay 178 (19.6) 10 (16.1) 6 (16.2)

Indian 85 (9.4) 12 (19.4) 10 (27.0)

Others 48 (5.3) 4 (6.5) 2 (5.4)
Clinical measurements

Systolic blood pressure, mean (SD), mm Hg 126 (19) 125 (18) 124 (21) 756
Diastolic blood pressure, mean (SD), mm Hg 71 (11) 69 (11) 67 (9) .016
Body mass index, mean (SD), kg/m? 25.2 (4.0 25.0 (4.2) 26.0 (5.1) ATT7
Neck circumference, mean (SD), cm 38.5 (3.3) 38.7 (3.6) 38.9 (3.7) 821
Waist circumference, mean (SD), cm 93.1 (10.6) 94.3 (11.1) 96.0 (13.2) 209
Cardiovascular risk factors, n (%)

Smoking status .958

Nonsmoker 456 (50.2) 34 (54.8) 19 (51.4)

Ex-smoker 268 (29.5) 16 (25.8) 10 (27.0)

Current smoker 184 (20.3) 12 (19.4) 8 (21.6)

Hyperlipidemia 730 (80.4) 55 (88.7) 33 (89.2) 121
Hypertension 668 (73.6) 53 (85.5) 32 (86.5) .028
Diabetes mellitus 493 (54.3) 49 (79.0) 31 (83.8) <.001
Family history of premature coronary disease 239 (26.3) 28 (45.2) 14 (37.8) .002
Concomitant conditions, n (%)

Previous myocardial infarction 404 (44.5) 30 (48.4) 26 (70.3) .008
Previous percutaneous coronary intervention 191 (21.0) 14 (22.6) 15 (40.5) 019
Previous coronary artery bypass surgery 2(0.2) 0 (0.0) 0(0.0) 897
Preexisting heart failure 44 (4.8%) 12 (19.4%) 10 (27.0%) <.001
Stroke/transient ischemic attack 107 (11.8) 5(8.1) 6 (16.2) 466
Chronic kidney disease® 137 (15.1) 13 (21.0) 15 (40.5) <.001
Chronic kidney disease on dialysis 30 (3.3) 2 (3.2) 4 (10.8) .054
Preexisting atrial fibrillation 43 (4.7) 3(4.8) 1(2.7) .846
Pacemaker in situ 2(0.2) 0 (0.0) 1(2.7) 023
Implantable cardioverter defibrillator in-situ 4 (0.4) 0 (0.0) 0(0.0) .803
Sleep study results

AHI, events/h, median (IQR) 14.5 (5.7-28.9) 19.7 (9.0-37.9) 35.3 (16.7-53.6) <.001
No sleep apnea (AHI < 5) 193 (21.3%) 10 (16.1%) 4 (10.8%) <.001
Mild sleep apnea (AHI 5 to < 15) 269 (29.6%) 13 (21.0%) 5 (13.5%)

Moderate sleep apnea (AHI 15 to < 30) 230 (25.3%) 17 (27.4%) 7 (18.9%)

Severe sleep apnea (AHI = 30) 216 (23.8%) 22 (35.5%) 21 (56.8%)

RDI, events/h, median (IQR) 18.6 (10.4-31.1) 24.8 (10.4-41.7) 36.6 (20.0-54.7) <.001
0D, events/h, median (IQR) 7.3 (2.2-17.4) 9.8 (4.6-24.6) 24.5 (7.6-39.5) <.001
No oxygen desaturation (ODI < 5) 355 (39.1%) 17 (27.4%) 7 (18.9%) <.001
Mild oxygen desaturation (ODI 5 to < 15) 292 (32.2%) 22 (35.5%) 6 (16.2%)

Moderate oxygen desaturation (ODI 15 to < 30) 135 (14.9%) 14 (22.6%) 9 (24.3%)

Severe oxygen desaturation (ODI = 30) 128 (13.9%) 9 (14.5%) 15 (40.5%)

Sleep duration, h, median (IQR) 6.4 (5.4-7.2) 6.5 (5.3-7.2) 6.3 (5.2-7.3) .854
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Table 1—Demographic, clinical characteristics, and sleep study results. (Continued)

Sleep apnea and recurrent HF

. Number of Heart Failure Hospitalizations
Characteristics P
0 (n =908) 1(n=62) 22(n=37)
Duration SpO, < 90%, min, median (IQR) 0.5 (0.0-4.8) 1.4 (0.0-8.0) 12.4 (0.0-38.3) .005
Percentage of sleep SpO; < 90%, %, median (IQR) 0.1 (0.0-1.4) 0.4 (0.0-2.6) 3.8 (0.0-10.0) .003
Epworth Sleepiness Scale > 10, n (%) 5.0 (2.0-8.0) 6.0 (3.0-7.3) 4.0 (2.5-7.0) 521
High-risk Berlin Questionnaire, n (%) 0.0 (0.0-1.0) 0.0 (0.0-1.0) 0.0 (0.0-1.0) .108

3Serum estimated glomerular filtration rate < 60 mL/min/1.73 m?. AHI = apnea-hypopnea index, IQR = interquartile range, ODI = oxygen desaturation index, RDI =

respiratory disturbance index, SpO, = arterial oxygen saturation.

presented with myocardial infarction (vs stable or unstable
angina), lower left ventricular ejection fraction, larger atrial and
ventricular dimensions, higher left ventricular mass, and higher
pulmonary artery systolic pressure.

The characteristics of the CABG procedures are outlined in
Table 3. There were no significant differences between the three
groups withregard to the technical details of the CABG. Despite a
significant difference in the length of stay between the three
groups, the absolute difference in the median length of stay was
less than 1 day. The medications prescribed upon hospital dis-
charge are listed in Table S1 in the supplemental material.

Cumulative incidence of heart failure hospitalizations
The cumulative crude incidences of heart failure hospitalizations
over time, stratified by sleep apnea status, are shown in Figure 2.
The event curves started to separate in the first 2 years, and the dif-
ference remained constant thereafter. The rate ratio for the cumu-
lativeincidence ofheart failure hospitalizations between the sleep
apnea and the nonsleep apnea group is shown in Figure S1.
Within the first year, the rate ratio increased to more than 2.0
and appeared fairly constant thereafter.

Multivariate analyses of recurrent heart failure
hospitalizations

The sleep apnea and nonsleep apnea groups incurred 127 and 52
heart failure hospitalizations over a total of 1,658.7 and 1,678.7
years of follow-up, respectively. Hence, the recurrent heart fail-
ure hospitalization rates were 0.077 (95% confidence interval
[CI]: 0.023-0.039) person-years in the sleep apnea group and
0.031 (95% CI: 0.064—0.089) person-years in the nonsleep apnea
group, giving an unadjusted rate ratio of 2.484.

Table 4 shows the hazard ratio for the conventional time-to-
first-event analysis for heart failure hospitalization and the rate
ratios for recurrent heart failure hospitalizations. The unadjusted
rate ratio computed from the Poisson regression was 2.43 (95%
CI:1.76-3.36, P<.001). Similarly, the negative binomial regres-
sion gave an unadjusted rate ratio of 2.507 (95% CI: 1.77-3.56,
P<.001). The Andersen—Gill model using robust standard errors
gave an unadjusted hazard ratio 0f2.48 (95% CI: 1.49-4.14,
P=.001).

In addition to the sleep apnea group, the baseline covariates
independently associated with heart failure hospitalizations were
age, sex, hypertension, diabetes mellitus, left ventricular ejection
fraction, ethnicity, family history of coronary artery disease,
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previous myocardial infarction, previous percutaneous coronary
intervention, chronic kidney disease, and clinical presentation.
In the partially adjusted model, sleep apnea was demonstrated to
be independently associated with recurrent heart failure hospital-
izations in the Poisson (1.74, P = .002), negative binomial (1.76,
P =.005), and Andersen—Gill (1.80, P = .031) regressions. This
association remained statistically significant after the Poisson
(1.73, P=.001) and negative binomial (1.79, P = .002) regressions
accounted for the competing risk of cardiovascular deaths.

The joint frailty model gave an estimate of the rate ratio for
recurrent heart failure hospitalizations, which takes into account
death as informative censoring, and an estimate of the hazard ratio
for cardiovascular death, which accounts for the effect of hospi-
talizations on death. The estimated unadjusted rate ratio for heart
failure hospitalizations was 2.32 (95% CI: 1.60-3.35, P <.001).

In the fully adjusted model, the rate ratio in the time-to-first-
event analysis (1.72, P=.021) was higher than that in the Poisson
regression (1.63, P=.006) and Andersen—Gill regression (1.66, P
=.047) but lower than that in the negative binomial regression
with cardiovascular deaths accounted for (1.83, P=.003). Despite
a difference in rate ratios across statistical analyses, the absolute
differences were minor and the rate ratios across all statistical
analyses demonstrated a directionally similar trend.

DISCUSSION

In this analysis of patients who underwent anonemergent CABG,
at a mean follow-up of 3.3 years approximately 10% of the
patients had at least one episode of heart failure hospitalization.
Among those patients, a subgroup of 37% of patients had recur-
rentevents thataccounted for two-thirds of the total 179 heart fail-
ure hospitalization events. Using four robust statistical methods,
we found that patients with sleep apnea had a 1.6- to 1.8-fold
increased risk of recurrent heart failure hospitalization, even after
adjustment for differences in baseline demographic and clinical
characteristics.

Heart failure hospitalization is burdensome and costly. In
2014, there were approximately 1.1 million emergency depart-
ment visits, 980,000 hospitalizations, and 84,000 deaths directly
attributable to heart failure in the United States. The total esti-
mated cost was over $11 billion. Due to the limited effectiveness
of stents,”>?® CABG is still widely performed. In patients dis-
charged after a CABG, heart failure is the most common cause
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Table 2—Diagnostic coronary angiography and echocardiography findings.
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. Number of Heart Failure Hospitalizations
Characteristics P
0 (n =908) 1 (n=62) 22 (n=237)

Coronary angiography

Clinical presentation, n (%) 013

ST-segment elevation myocardial infarction 98 (10.8) 6 (9.7) 5 (13.5)

Non-ST-segment elevation myocardial infarction 338 (37.2) 28 (45.2) 24 (64.9)

Unstable angina 180 (19.8) 14 (22.6) 3 (8.1)

Stable angina 258 (28.4) 10 (16.1) 4(10.8)

Other 31 (34) 4 (6.5) 1(2.7)

No. of diseased coronary vessels, n (%) 101

1 31 (34) 1(1.6) 2 (5.4)

2 119 (13.1) 5 (8.1) 0 (0.0

3 758 (83.5) 56 (90.3) 35 (94.6)

Left main artery stenosis = 50% 278 (30.6) 20 (32.3) 14 (37.8) 643
Proximal left anterior descending artery stenosis = 50% 672 (74.0) 49 (79.0) 26 (70.3) 493
SYNTAX score, median (IQR) 33 (26.0-40.5) | 36.5(26.8-43.6) | 34 (27.1-41.4) .555
Echocardiography

Left ventricular ejection fraction, median (IQR), % 55 (40-60) 45 (34-53) 35 (25-45) <.001
Left atrium diameter, median (IQR), mm (36-43) 41 (37-45) 42 (39-45) .006
Left ventricular end-diastolic internal diameter, median (IQR), mm (46-55) 54 (49-58) 60 (50-62) <.001
Left ventricular end-systolic internal diameter, median (IQR), mm (30-41) 41 (35-48) 49 (35-54) <.001
Left ventricular mass index, median (IQR), g/m? (84-126) 115 (91-125) 128 (108-150) .002
Aortic root diameter, median (IQR), mm 33 (30-35) 32 (29-35) 32 (29-35) 222
E/A, median (IQR) 0.9 (0.7-1.2) 1.1 (0.6-1.5) 1.2 (0.8-2.3) .052
Pulmonary artery systolic pressure, median (IQR), mm Hg 28.7 (24.4-35.0) | 35.0 (29.249.0) | 36.1 (25.5-54.0) <.001

E/A = an echocardiographic marker of the diastolic function of the left ventricle, IQR = interquartile range, SYNTAX = synergy between percutaneous coronary

intervention with Taxus and cardiac surgery.

of unscheduled hospitalization.® Thus, identifying patients at
high risk has important implications for preventive efforts aimed
at reducing the burden of post-CABG heart failure hospitaliza-
tions for both patients and society.

Our study showed that higher apnea-hypopnea index and
higher oxygen desaturation index were associated with more
heart failure hospitalizations after CABG (Table 1). The patho-
physiological mechanisms by which sleep apnea leads to heart
failure have been extensively reviewed.?” Increased inspiratory
efforts against the occluded pharynx generate exaggerated nega-
tive intrathoracic pressure, which increases the left ventricular
transmural pressure. This in turn leads to increased venous return,
causing distension of the right ventricle and leftward displace-
ment of the interventricular septum during diastole. The impaired
left ventricular filling reduces stroke volume. Additionally, oxy-
gen desaturation during sleep impairs myocardial contractility by
precipitating myocardial ischemia. There is also growing evi-
dence that hypoxia exacerbates heart failure via a negative inotro-
pic effect and sympathetic hyperactivity. To the best of our
knowledge, this study is the first prospective cohort study to
examine the relationship between sleep apnea and total heart fail-
ure hospitalizations in patients undergoing CABG.

Journal of Clinical Sleep Medicine, Vol. 17, No. 12

Compared with the New Jersey cohort study, which showed
that 19% of the patients had heart failure hospitalization at 2 years
after CABG,?® the risks were lower in our cohort (9.8% at 3.3
years after CABG) and in the Denmark National Registry study
(8%at 1 yearafter CABG).* The most likely explanation is the dif-
ferent risk profile of the patients. Emergency CABG constituted
72.6% of the procedures in the New Jersey study but none of the
procedures in our study and only 4% of those in the Danish study.

Statistical methods for total heart failure hospitalizations were
initially applied to research into stable heart failure'®>*** and
were recently extended to valve research.'” Compared with prior
studies on stable heart failure, where repeat events accounted for
46% of the total heart failure hospitalizations,'®** we found that
in patients who underwent CABG repeat events accounted for
65% of the total heart failure hospitalizations. This suggests
that repeat events are more frequent in post-CABG patients
than in stable heart failure patients. Thus, it is relevant to use sta-
tistical methods to analyze repeat events in this cohort of
patients."?

Screening of sleep apnea in patients scheduled for CABG and
applying continuous positive airway pressure for those diagnosed
with sleep apnea is not a standard practice at most Asian
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Table 3—Coronary artery bypass grafting characteristics.

. Number of Heart Failure Hospitalizations

Characteristics P
0 (n =908) 1(n=62) 22(n=37)

Operation type, n (%) 479
Off-pump CABG 26 (2.9) 2 (3.2) 3 (8.1)
On-pump CABG 880 (96.9) 59 (95.2) 34 (91.9)
Hybrid CABG 2(0.2) 0(0.0) 0 (0.0)
No. of bypass grafts, n (%) .504
1-2 191 (21.0) 18 (29.0) 10 (27.0)
3-4 705 (77.6) 43 (69.4) 27 (73.0)
5-6 12 (1.3) 1(1.6) 0 (0.0)
No. of venous grafts, n (%) .806
0-1 216 (23.8) 18 (29.0) 10 (27.0)
2-3 682 (75.1) 43 (69.4) 27 (73.0)
4-5 10 (1.1) 1(1.6) 0 (0.0)
LIMA graft, n (%) 866 (95.4) 58 (93.5) 34 (91.9) 525
Non-LIMA arterial grafts, n (%) .308
Radial artery or RIMA 57 (6.3) 2 (3.2) 0 (0.0)
Radial artery and RIMA 12 (1.3) 0 (0.0) 0 (0.0)
Concurrent valve operation, n (%) 62 (6.8) 4 (6.5) 3(8.1) .951
Total operation time, min, median (IQR) 288 (254.2-328.0) 277.5 (248.8-317.3) 300 (249-338.5) 283
Estimated blood loss, mL, median (IQR) 200 (110-300) 200 (100-300) 300 (249-338.5) .889
Length of stay, d, median (IQR) 9.0 (8.2-9.6) 9.5 (8.4-9.8) 9.2 (8.1-9.5) 027

CABG = coronary artery bypass grafting, IQR = interquartile range, LIMA = left internal mammary artery, RIMA = right internal mammary artery.

institutions. Therefore, informing the patients about the sleep  acceptable. The small number of the patients accepted continuous
study findings within 1 month and offering a sleep clinic referral ~ positive airway pressure could be related to low awareness.”'
for those tested positive should be considered ethical and Given the benefit in improving quality of life, more efforts are

Figure 2—Cumulative incidence of heart failure hospitalizations per 100 people, over time (in years), stratified by sleep apnea
status.
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Table 4—Rate ratios for heart failure hospitalization.

Model 1 Model 2 Model 3

Method Unadjusted RR p Adjusted RR®? p Adjusted RR® p

(95% CI) (95% CI) (95% CI)
Cox regression 2.20 (1.44, 3.35) <.001 1.69 (1.07, 2.66) .025 1.72 (1.08, 2.72) .021
Poisson regression with offset 2.43 (1.76, 3.36) <.001 1.74 (1.23, 2.45) .002 1.63 (1.15, 2.31) .006
Negative binomial regression with offset |2.51 (1.77, 3.56) <.001 1.76 (1.19, 2.63) .005 1.71 (112, 2.62) 013
Poisson regression with offset + cardiac |2.36 (1.75, 3.16) <.001 1.73 (1.26, 2.37) .001 1.67 (1.21, 2.30) .002
death
Negative binomial regression with offset + | 2.46 (1.78, 3.41) <.001 1.79 (1.24, 2.59) .002 1.83 (1.23, 2.72) .003
cardiac death
Andersen and Gills (LWYY) 2.48 (1.49, 4.14) .001 1.80 (1.05, 3.06) .031 1.66 (1.01, 2.75) 047
Joint frailty model 2.32 (1.60, 3.35) <.001 1.73 (1.18, 2.63) .006 1.72 (1.00, 3.01) .056

Poisson and negative binomial regressions were estimated using the GENLIN function of IBM SPSS Statistics, LWYY regressions was estimated using the “reReg”
package of R, and joint frailty models were estimated using the “frailtypack” package of R. ®Model 2: Competing risk regression adjusted for age, sex, hypertension,
diabetes, and left ventricular ejection fraction. °Model 3: Competing risk regression adjusted for age, sex, hypertension, diabetes, left ventricular ejection fraction +
ethnicity, family history of coronary artery disease, previous myocardial infarction, previous percutaneous coronary intervention, chronic kidney disease, and clinical
presentation. Cl = confidence interval, LWYY = Lin—Wei-Yang-Ying semiparametric regression approach, RR = rate ratio.

needed to increase the adoption of obstructive sleep apnea ther-
apy. Regardless, our study suggests that a simple sleep study
may be able to identify patients who are prone to recurrent heart
failure hospitalization after CABG. Future research should focus
on the potential role of continuous positive airway pressure and
adjunctive therapies such as cardiac rehabilitation and weight
reduction in reducing post-CABG heart failure hospitalization
in patients with sleep apnea.

We found that 51% ofthe patients have sleep apnea. This prev-
alence, although high, is consistent with other published studies
on patients with coronary artery disease undergoing CABG.”"®
Besides, it has been shown that the restrictive craniofacial pheno-
type of the East Asians increases the susceptibility to upper air-
way obstruction.*”

Our study should be interpreted in due consideration of the lim-
itations. First, this is an ancillary study of the SABOT study and
was not included in the power calculations for the original study
protocol. Therefore, our findings should be considered explor-
atory rather than confirmatory. Second, quality-of-life measures
related to the recurrent heart failure hospitalizations were not cap-
tured. Third, although we captured data for medication on dis-
charge, data on postdischarge optimization of and adherence to
medication, especially in patients who had heart failure hospital-
izations, were not available. Fourth, the Watch-PAT 200 used in
this study was unable to differentiate obstructive from central
events. Hence, we could not be certain regarding the underlying
pathophysiology of the heart failure hospitalizations. Last, all
patients in the SABOT trial underwent nonemergent CABG,
and we are uncertain whether the same findings would be
observed in patients undergoing emergent CABG.

CONCLUSIONS

In patients undergoing nonemergent CABG we demonstrated that
sleep apnea was independently associated with higher recurrent

Journal of Clinical Sleep Medicine, Vol. 17, No. 12

hospitalizations for heart failure. Our data compellingly spotlight
the importance of future research into therapeutic approaches
aimed at mitigating sleep apnea in patients undergoing CABG so
as to minimize long-term heart failure complications.

ABBREVIATIONS

CABG, coronary artery bypass grafting
CI, confidence interval
SABOT, Sleep Apnea and Bypass Operation

REFERENCES

1. Benjamin EJ, Muntner P, Alonso A, et al.; American Heart Association Council on
Epidemiology and Prevention Statistics Committee and Stroke Statistics Subcom-
mittee. Heart disease and stroke statistics-2019 update: a report from the American
Heart Association. Circulation. 2019;139(10):e56-e528.

2. Head SJ, Milojevic M, Taggart DP, Puskas JD. Current practice of state-of-the-art
surgical coronary revascularization. Circulation. 2017;136(14):1331-1345.

3. Head SJ, Kieser TM, Falk V, Huysmans HA, Kappetein AP. Coronary artery bypass
grafting: part 1-the evolution over the first 50 years. Eur Heart J. 2013;34(37):
2862-2872.

4. ButtJH, Olsen PS, Torp-Pedersen C, Gislason GH, Kaber L, Fosbgl EL. Burden and
causes for hospitalizations following coronary artery bypass grafting: a nationwide
cohort study. Eur J Cardiothorac Surg. 2019;55(5):893-902.

5. Shah RM, Zhang Q, Chatterjee S, et al. Incidence, cost, and risk factors for
readmission after coronary artery bypass grafting. Ann Thorac Surg. 2019;107(6):
1782-1789.

6. Jackson SL, Tong X, King RJ, Loustalot F, Hong Y, Ritchey MD. National burden of
heart failure events in the United States, 2006 to 2014. Circ Heart Fail. 2018;11(12):
e004873.

7. GlantzH, Thunstrom E, Herlitz J, etal. Occurrence and predictors of obstructive sleep
apnea in arevascularized coronary artery disease cohort. Ann Am Thorac Soc. 2013;
10(4):350-356.

8. Rupprecht S, Schultze T, Nachtmann A, et al. Impact of sleep disordered breathing
on short-term post-operative outcome after elective coronary artery bypass graft
surgery: a prospective observational study. Eur Respir J. 2017;49(4):1601486.

December 1, 2021



Downloaded from jcsm.aasm.org by Kirsten Taylor on December 2, 2021. For personal use only. No other uses without permission.
I\i;llyedl cine. All rights reserved.

Copyright 2021 American Academy of Sleep

YH Teo, WW Tam, CY Koo, et al.

9. Gottlieb DJ, Punjabi NM. Diagnosis and management of obstructive sleep apnea: a
review. JAMA. 2020;323(14):1389-1400.

10. Franklin KA, Lindberg E. Obstructive sleep apnea is a common disorder in the
population-a review on the epidemiology of sleep apnea. J Thorac Dis. 2015;7(8):
1311-1322.

11. Korcarz CE, Peppard PE, Young TB, et al. Effects of obstructive sleep apnea and
obesity on cardiac remodeling: the Wisconsin Sleep Cohort Study. Sleep. 2016;39(6):
1187-1195.

12. Wang H, Parker JD, Newton GE, et al. Influence of obstructive sleep apnea on
mortality in patients with heart failure. J Am Coll Cardiol. 2007;49(15):1625-1631.

13. Koo CY, Aung AT, Chen Z, et al. Sleep apnoea and cardiovascular outcomes after
coronary artery bypass grafting. Heart. 2020;106(19):1495-1502.

14. Braga JR, Tu JV, Austin PC, Sutradhar R, Ross HJ, Lee DS. Recurrent events
analysis for examination of hospitalizations in heart failure: insights from the
Enhanced Feedback for Effective Cardiac Treatment (EFFECT) trial. Eur Heart J
Qual Care Clin Outcomes. 2018;4(1):18-26.

15. Claggett B, Pocock S, Wei LJ, Pfeffer MA, McMurray JJV, Solomon SD. Comparison
of time-to-first event and recurrent-event methods in randomized clinical trials.
Circulation. 2018;138(6):570-577.

16. Rogers JK, Pocock SJ, McMurray JJ, et al. Analysing recurrent hospitalizations
in heart failure: a review of statistical methodology, with application to
CHARM-Preserved. Eur J Heart Fail. 2014;16(1):33-40.

17. Stone GW, Lindenfeld J, Abraham WT, et al.; COAPT Investigators. Transcatheter
mitral-valve repair in patients with heart failure. N Engl J Med. 2018;379(24):
2307-2318.

18. Rogers JK, Yaroshinsky A, Pocock SJ, Stokar D, Pogoda J. Analysis of recurrent
events with an associated informative dropout time: application of the joint frailty
model. Stat Med. 2016;35(13):2195-2205.

19. Pocock SJ, Collier TJ. Statistical appraisal of 6 recent clinical trials in cardiology:
JACC state-of-the-art review. J Am Coll Cardiol. 2019;73(21):2740-2755.

20. Hicks KA, Mahaffey KW, Mehran R, et al.; Standardized Data Collection for
Cardiovascular Trials Initiative (SCTI). 2017 cardiovascular and stroke endpoint
definitions for clinical trials. J Am Coll Cardiol. 2018;71(9):1021-1034.

21. OzgaAK, Kieser M, Rauch G. A systematic comparison of recurrent event models for
application to composite endpoints. BMC Med Res Methodol. 2018;18(1):2.

22. Yang W, Jepson C, Xie D, et al.; Chronic Renal Insufficiency Cohort (CRIC) Study
Investigators. Statistical methods for recurrent event analysis in cohort studies of
CKD. Clin J Am Soc Nephrol. 2017;12(12):2066-2073.

23. Xu G, Chiou SH, Huang CY, Wang MC, Yan J. Joint scale-change models for
recurrent events and failure time. J Am Stat Assoc. 2017;112(518):794-805.

24. Rondeau V, Gonzalez JR, Mazroui Y, et al. frailtypack: General frailty models: shared,
joint and nested frailty models with prediction; evaluation of failure-time surrogate
endpoints. R package version 3.0.3.2.

25. Lee CH, Lim J, Low A, et al. Sirolimus-eluting, bioabsorbable polymer-coated
constant stent (Cura) in acute ST-elevation myocardial infarction: a clinical and
angiographic study (CURAMI Registry). J Invasive Cardiol. 2007;19(4):182-185.

Journal of Clinical Sleep Medicine, Vol. 17, No. 12

Sleep apnea and recurrent HF

26. Sethi R, Lee CH. Endothelial progenitor cell capture stent: safety and effectiveness.
J Interv Cardiol. 2012;25(5):493-500.

27. Arzt M, Bradley TD. Treatment of sleep apnea in heart failure. Am J Respir Crit Care
Med. 2006;173(12):1300-1308.

28. Moreyra AE, Deng Y, Wilson AC, Cosgrove NM, Kostis WJ, Kostis JB; MIDAS 18
Study Group. Incidence and trends of heart failure admissions after coronary artery
bypass grafting surgery. Eur J Heart Fail. 2013;15(1):46-53.

29. Rogers JK, Jhund PS, Perez AC, et al. Effect of rosuvastatin on repeat heart failure
hospitalizations: the CORONA Trial (Controlled Rosuvastatin Multinational Trial in
Heart Failure). JACC Heart Fail. 2014;2(3):289-297.

30. Solomon SD, McMurray JJV, Anand IS, et al.; PARAGON-HF Investigators and
Committees. Angiotensin-neprilysin inhibition in heart failure with preserved ejection
fraction. N Engl J Med. 2019;381(17):1609-1620.

31. SiaCH,HongY, TanLWL,vanDamRM, Lee CH, Tan A. Awareness and knowledge of
obstructive sleep apnea among the general population. Sleep Med. 2017;36:10-17.

32. Sutherland K, Lee RWW, Chan TO, Ng S, Hui DS, Cistulli PA. Craniofacial pheno-
typing in Chinese and Caucasian patients with sleep apnea: influence of ethnicity and
sex. J Clin Sleep Med. 2018;14(7):1143-1151.

ACKNOWLEDGMENTS

Author contributions: C.-Y.K., TK., and C.-H.L. were the chief investigators and
designed the SABOT study. C.-YK., C.-H.L, R.C.C.W., WK., K-K.P., and PK.
designed this substudy. W.W.T. is a biostatistician and performed the analysis. Y.H.T.,
A-TA. and C.-H.S. collected the data and performed analyses. All authors contributed
to the interpretation of the data and drafting of the manuscript and approved the final
version for submission. The data underlying this article will be shared on reasonable
request to the corresponding author.

SUBMISSION & CORRESPONDENCE INFORMATION

Submitted for publication January 4, 2021

Submitted in final revised form May 12, 2021

Accepted for publication May 17, 2021

Address correspondence to: Dr. Chi-Hang Lee, MD, FRCP, Department of Cardiology,
National University Heart Centre Singapore, 1E Kent Ridge Road, NUHS Tower Block
Level 9, Singapore 119228; Tel: +65 67722493; Fax: +65 68722998; Email: mdclchr@
nus.edu.sg

DISCLOSURE STATEMENT

All authors have seen and approved the manuscript. This study was funded by a
Transition Award and Clinician Scientist Award from the National Medical Research
Council of Singapore (award numbers: NMRC/TA/012/2012; NMRC/CSA-INV/002/
2015). The authors are grateful to Easmed Pte. Ltd. for supporting the overnight sleep
studies. The authors report no conflicts of interest.

December 1, 2021



	TF1
	TF2
	TF3
	TF4

