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Abstract

Background

Sociodemographic disparities in atrial fibrillation (AF) management and thromboembolic

prophylaxis have previously been reported, which may involve inequitable access to left

atrial appendage occlusion (LAAO) during cardiac surgery. The present study aimed to eval-

uate the association of LAAO utilization with sex, race, and hospital region among patients

with AF undergoing heart valve operations.

Methods

Adults with AF undergoing valve replacement/repair in the 2012–2019 National Inpatient

Sample were identified and stratified based on concurrent LAAO. Multivariable linear and

logistic regressions were developed to identify factors associated with LAAO utilization.

Mortality, complications including stroke and thromboembolism, hospitalization costs and

length of stay (LOS) were secondarily assessed.

Results

Of 382,580 patients undergoing valve operations, 18.7% underwent concomitant LAAO.

Over the study period, the proportion of female patients receiving LAAO significantly

decreased from 44.8% to 38.9% (p<0.001). Upon risk adjustment, female (AOR 0.93 [95%

CI 0.89–0.97]) and Black patients (0.91 [0.83–0.99]) had significantly reduced odds of

undergoing LAAO compared to males and Whites, respectively. Additionally, hospitals in

the Midwest (1.38 [1.24–1.51]) and West (1.26 [1.15–1.36]) had increased likelihood of

LAAO whereas Northeast hospitals (0.85 [0.77–0.94)] had decreased odds relative to the

South. Furthermore, LAAO was associated with decreased stroke (0.71 [0.60–0.84]) and

thromboembolism (0.68 [0.54–0.86]), $4,200 reduction in costs and 1-day decrement in

LOS.
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Conclusions

Female and Black patients had significantly lower odds while Midwest and Western hospi-

tals had greater odds of LAAO utilization. Enhancing access to LAAO during valvular sur-

gery is warranted to improve clinical and financial outcomes for patients with AF.

Introduction

Atrial fibrillation (AF), the most common sustained arrhythmia, is associated with a 5-fold

increase in risk of thromboembolic stroke [1, 2]. Although long-term anticoagulation therapy

is the mainstay for stroke prevention, as few as half of all eligible patients use anticoagulation

due to contraindications including history of bleeding and concerns with management and

quality of life [3, 4]. In nonvalvular AF, over 90% of strokes originate from the left atrial

appendage, and its occlusion (LAAO) has been frequently proposed as an alternative to antic-

oagulation [5]. While LAAO is primarily recommended at the time of mitral valve and antiar-

rhythmic operations, its use is known to vary widely among physicians [6, 7].

Important sociodemographic disparities in AF management and outcomes of LAAO have

been previously described. Black patients have been shown to be underrepresented among

patients receiving percutaneous LAAO and have increased complications compared to Whites

[8]. In addition, female patients undergoing LAAO with the Watchman device experienced

higher risk of postoperative bleeding and mortality compared to males [9]. Geographic varia-

tion also exists and higher AF-related stroke mortality rates have been reported in the South

compared to other regions of the United States [10]. However, disparities in LAAO utilization

in the context of concomitant valvular heart surgery have yet to be examined. Given the grow-

ing evidence supporting thromboembolic prophylaxis with LAAO during cardiac surgery, it is

necessary to characterize patterns of access to LAAO in order to understand potential inequi-

ties in outcomes [11].

The present study used a nationally representative database to evaluate the association of

LAAO utilization with sex, race, and hospital region among patients with AF undergoing heart

valve operations. In addition, we examined the influence of LAAO utilization on in-hospital

clinical and financial outcomes. We hypothesized that female, Black, and Southern patients

would be associated with reduced utilization of LAAO and increased in-hospital mortality,

complications, length of stay, and hospitalization costs.

Methods

This was a cross-sectional study using data from the 2012–2019 National Inpatient Sample

(NIS). Maintained by the Healthcare Cost and Utilization Project (HCUP), the NIS is the larg-

est publicly available all-payer inpatient database in the United States (US) and samples 20% of

all hospital discharges [12]. Using robust survey-weighting algorithms, the NIS provides accu-

rate estimates for approximately 97% of all hospitalizations in the US. International Classifica-
tion of Diseases 9th/10th Revision (ICD-9/10) diagnosis codes (427.3, I48) were used to identify

all adult patients (�18 years) with AF. Subsequently, patients who underwent isolated mitral,

aortic, tricuspid, and pulmonary valve replacement or repair or multivalve operations were

identified using ICD-9/10 procedure codes as previously reported (S1 Table) [13, 14]. The

study cohorts were then stratified based on the presence or absence of ICD-9/10 procedure

codes for LAAO (LAAO, nLAAO) corresponding to concomitant LAAO utilization. To
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maintain homogeneity, patients undergoing heart transplantation, durable ventricular assist

device placement, transcatheter valve operations or with history of endocarditis were

excluded.

Patient and hospital characteristics including age, sex, race, income quartile, primary payer,

hospital region and teaching status were defined in accordance with the HCUP data dictionary

[12]. Comorbidities including congestive heart failure, coronary artery disease, peripheral vas-

cular disease, pulmonary circulation disease, chronic lung disease, diabetes, hypertension,

hypothyroidism, and chronic kidney disease, as well as chronic anticoagulation use were iden-

tified using ICD-9/10 diagnosis codes. Additionally, the cumulative burden of chronic condi-

tions was quantified using the Van Walraven modification of the Elixhauser Comorbidity

Index, a validated composite of 30 comorbidities [15, 16]. A CHA2DS2VASc score was com-

puted for each patient as a validated estimation of the yearly risk of stroke in patients with AF

(S1 Table) [17]. ICD-9/10 procedure codes were used to ascertain robot-assisted operations

and concomitant maze procedures (S1 Table). Perioperative complications included cerebro-

vascular (stroke), thromboembolic (deep vein thrombosis, pulmonary embolism), infectious

(sepsis), pulmonary (respiratory failure, prolonged mechanical ventilation), cardiac (cardiac

arrest, cardiogenic shock), and renal (acute kidney injury). Hospitalization costs were gener-

ated by applying center-specific cost-to-charge ratios to overall charges and were inflation-

adjusted to the 2019 Personal Health Care Index [18]. The primary outcome of this study was

LAAO utilization, while in-hospital mortality, complications, hospitalization costs and length

of stay (LOS) were also assessed.

Categorical variables are reported as frequencies (%) while continuous variables are sum-

marized as medians with interquartile range [IQR]. To assess significance of differences across

groups, we used the Pearson’s chi-squared test for categorical variables and the adjusted Wald

and Mann-Whitney U test for continuous ones. Significance of temporal trends was assessed

using Cuzick’s nonparametric test (nptrend) [19]. Multivariable linear and logistic regression

models were developed to evaluate the association of LAAO utilization with patient and hospi-

tal characteristics, mortality, complications, costs and LOS. Variable selection was guided by

application of the Least Absolute Shrinkage and Selection Operator (LASSO) to reduce collin-

earity among covariates while decreasing overfitting [20]. Optimization of the final model was

based on minimization of the root mean squared error term on 10-fold cross validation as well

as maximization of the area under the receiver-operating characteristics curve (C-statistic), as

appropriate. Regression outcomes are reported as adjusted odds ratios (AOR) for categorical

variables or beta coefficients (β) for continuous variables with 95% confidence intervals (95%

CI). Predicted estimates were generated using the Stata margins command after regression.

Statistical significance was set at α = 0.05. All statistical analyses were performed using Stata

16.1 (StataCorp, College Station, TX). Due to the de-identified nature of the NIS, this study

did not require informed consent and was deemed exempt from full review by the Institutional

Review Board at the University of California, Los Angeles.

Results

Of an estimated 382,580 patients with AF undergoing valve operations, 71,510 (18.7%) under-

went concomitant LAAO. Among the LAAO cohort, the most common concurrent operations

were mitral (65.8%) and aortic (42.5%) valve operations, while 32.3% of the LAAO cohort also

had a maze procedure (Table 1). Compared to nLAAO, LAAO patients had similar age

(median: 71 years), burden of comorbidities, and racial demographics (Table 1). Additionally,

the LAAO cohort had a greater proportion of female patients relative to nLAAO (41.6 vs

37.3%, p<0.001). LAAO patients more frequently had chronic anticoagulation use relative to
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Table 1. Patient, operative and hospital characteristics stratified by utilization of left atrial appendage occlusion (LAAO) during valvular heart surgery. IQR: Inter-
quartile range. LAAO: concomitant LAAO use. nLAAO: no concomitant LAAO use.

Parameter nLAAO (n = 311,070) LAAO (n = 71,510) p-value

Age (years, median, IQR) 71 [63–77] 71 [63–77] 0.24

Female sex (%) 37.3 41.6 <0.001

Race (%) <0.001

White 83.4 83.1

Black 5.5 5.3

Hispanic 5.5 5.4

Asian 2.4 3.4

Other 3.2 2.8

Comorbidities (%)
Elixhauser Comorbidity Index (median, IQR) 5 [4–6] 5 [4–7] <0.001

Congestive heart failure 49.5 57.9 <0.001

Coronary artery disease 55.2 50.4 <0.001

Peripheral vascular disorder 23.1 15.0 <0.001

Pulmonary circulation disorder 20.9 29.2 <0.001

Chronic lung disease 29.4 32.6 <0.001

Diabetes 27.7 25.1 <0.001

Hypertension 77.9 75.6 <0.001

Hypothyroidism 13.7 14.9 <0.001

Chronic kidney disease 2.6 2.0 <0.001

Chronic anticoagulation use 17.4 30.8 <0.001

CHA2DS2VASc Score (median, IQR) 4 [3–5] 4 [3–5] 0.15

Income Quartile (%) 0.01

Fourth (highest) 26.1 26.9

Third 26.0 26.2

Second 25.5 25.9

First (lowest) 22.4 21.0

Payer Status (%) 0.17

Private 24.7 24.5

Medicare 67.1 67.6

Medicaid 4.7 4.8

Other 3.5 3.1

Robot-assisted (%) 0.40 0.43 0.71

Concomitant Operation (%)
Mitral valve 37.9 65.8 <0.001

Aortic valve 67.5 42.5 <0.001

Tricuspid valve 7.6 14.1 <0.001

Pulmonic valve 0.34 0.16 <0.001

Multi-valve 12.3 20.8 <0.001

Maze 12.5 32.3 <0.001

Hospital Region (%) <0.001

South 34.2 31.1

Northeast 23.0 17.6

Midwest 22.7 28.1

West 20.1 23.2

Hospital Teaching Status (%) 0.05

Non-metropolitan 1.8 1.6

Metropolitan non-teaching 16.1 17.3

Metropolitan teaching 82.0 81.1

https://doi.org/10.1371/journal.pone.0286337.t001
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nLAAO (30.8 vs 17.4%, p<0.001), and both cohorts had similar CHA2DS2VASc scores

(median: 4) indicating high risk of stroke. Furthermore, a lower proportion of LAAO opera-

tions were performed in the South (31.1 vs 34.2%) and Northeast (17.6 vs 23.0%), while the

Midwest (28.1 vs 22.7%) and West (23.2 vs 20.1%) had a greater proportion compared to

nLAAO (p<0.001). There was no significant difference in LAAO utilization rates between

rural and metropolitan hospitals (Table 1).

Over the study period, the overall utilization rate of LAAO remained steady (S1 Fig). On

subgroup analysis, the proportion of female patients who underwent LAAO significantly

decreased from 44.8% to 38.9% over the 8-year study period (nptrend = 0.001, Fig 1). The pro-

portion of LAAO cases by race and hospital region had no significant temporal trends.

On multivariable logistic regression (C-statistic = 0.72), females had 7% lower likelihood of

undergoing LAAO compared to males (AOR 0.93, 95% CI 0.89–0.97). Relative to Whites,

Black patients had significantly reduced odds of LAAO (AOR 0.91, 95% CI 0.83–0.99), while

Hispanic and Asian patients had comparable (AOR 0.99, 95% CI 0.90–1.09) and increased

odds (AOR 1.16, 95% CI 1.03–1.32) of undergoing LAAO, respectively (Fig 2). In addition,

hospitals in the Midwest (AOR 1.38, 95% CI 1.24–1.51) and West (AOR 1.26, 95% CI 1.15–

1.36) had significantly increased likelihood of LAAO whereas Northeast hospitals (AOR 0.85,

95% CI 0.77–0.94) had decreased odds relative to the South. Additional patient, operative, and

hospital characteristics associated with utilization of LAAO during valvular heart surgery are

tabulated in S2 Table, including operative type. Primary payer, hospital teaching status, and

hospital volume of valve operations had no significant association with LAAO use.

Unadjusted clinical and financial outcomes are shown in Table 2. Compared to nLAAO,

LAAO individuals experienced lower in-hospital mortality rates (2.9 vs 3.4%, p = 0.002). In

Fig 1. Temporal trends in the proportion of left atrial appendage occlusion (LAAO) cases stratified by sex.

*Nptrend = 0.001.

https://doi.org/10.1371/journal.pone.0286337.g001
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addition, the LAAO cohort had significantly reduced rates of stroke (1.2 vs 2.0%, p<0.001)

and thromboembolic (0.61 vs 0.92%, p<0.001) complications. Septic (3.3 vs 3.8%, p = 0.001)

and respiratory (19.1 vs 20.1%, p = 0.01) complication rates were also significantly decreased

in the LAAO group. However, the incidence of cardiac arrest or shock as well as acute kidney

injury remained comparable across the cohorts. Additionally, unadjusted LOS and hospitaliza-

tion costs were similar in number between the nLAAO and LAAO groups (Table 2).

Fig 2. Patient and hospital characteristics associated with utilization of left atrial appendage occlusion during valvular

heart surgery. Error bars represent 95% confidence intervals. Model C-statistic: 0.72. Ref: Reference. CI: Confidence interval.

https://doi.org/10.1371/journal.pone.0286337.g002

Table 2. Unadjusted in-hospital clinical and financial outcomes stratified by utilization of left atrial appendage occlusion (LAAO) during valvular heart surgery.

IQR: Interquartile range. LAAO: concomitant LAAO use. nLAAO: no concomitant LAAO use.

Outcome nLAAO (n = 311,070) LAAO (n = 71,510) p-value

In-hospital mortality (%) 3.4 2.9 0.002

Complications (%)
Stroke 2.0 1.2 <0.001

Thromboembolic 0.92 0.61 <0.001

Sepsis 3.8 3.3 0.001

Respiratory 20.1 19.1 0.01

Cardiac arrest / shock 8.5 8.4 0.74

Acute kidney injury 23.1 22.8 0.48

Length of stay (days, median, IQR) 8 [6–13] 8 [6–13] 0.001

Cost ($1000s, median, IQR) 51.6 [38.8–72.9] 52.6 [39.9–72.0] <0.001

https://doi.org/10.1371/journal.pone.0286337.t002

PLOS ONE Sociodemographic disparities in surgical left atrial appendage occlusion

PLOS ONE | https://doi.org/10.1371/journal.pone.0286337 May 25, 2023 6 / 12

https://doi.org/10.1371/journal.pone.0286337.g002
https://doi.org/10.1371/journal.pone.0286337.t002
https://doi.org/10.1371/journal.pone.0286337


Following adjustment for risk factors listed in S2 Table, concomitant LAAO utilization was

associated with 22% decreased odds of in-hospital mortality (AOR 0.78, 95% CI 0.69–0.87, Fig

3). Furthermore, patients with LAAO had significantly reduced odds of stroke (AOR 0.71,

95% CI 0.60–0.84) and thromboembolism (AOR 0.68, 95% CI 0.54–0.86). LAAO was associ-

ated with significantly lower likelihood of all other perioperative complications including sep-

sis (AOR 0.85, 95% CI 0.76–0.94), respiratory complications (AOR 0.92, 95% CI 0.87–0.97),

cardiac arrest or shock (AOR 0.89, 95% CI 0.83–0.96), and acute kidney injury (AOR 0.94,

95% CI 0.89–0.99, Fig 3). In addition, LAAO patients had significantly reduced attributable

hospitalization costs ($62,600 [95% CI 61,700–63,400] vs $64,000 [63,400–64,700], p<0.001)

and a 1-day decrement in LOS (10.7 days [10.6–10.9] vs 11.4 [11.3–11.4], p<0.001, Fig 4).

Discussion

Using a nationally representative cohort of patients with AF undergoing heart valve operations,

we examined the association of concomitant LAAO utilization with sex, race, hospital region, as

well as in-hospital clinical and financial outcomes. Consistent with prior literature, the most

common valvular operations among the LAAO cohort were mitral (65.8%) and aortic (42.5%)

valve operations, while 32.3% also had a maze procedure [21, 22]. Over the study period, the

proportion of female patients undergoing LAAO during valve operations significantly

decreased. Upon risk adjustment, female and Black patients had lower likelihood of receiving

LAAO compared to males and Whites, respectively. Additionally, patients at hospitals in the

Midwest and West had greater odds whereas the Northeast had lower odds of LAAO use rela-

tive to the South. Overall, patients with LAAO experienced reduced in-hospital mortality and

stroke as well as decreased costs and LOS. Several of these findings warrant further discussion.

Fig 3. Adjusted in-hospital clinical outcomes associated with left atrial appendage occlusion utilization during

valvular heart surgery. CI: Confidence interval.

https://doi.org/10.1371/journal.pone.0286337.g003
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The present study revealed that female patients had 7% lower likelihood of receiving LAAO

compared to males. Although mitral valve procedures are predominantly performed in

women [23] and females had higher unadjusted rates of LAAO use, controlling for patient and

operative factors revealed significant sex-based disparities. Prior studies have reported under-

utilization of cardiac operations such as surgical aortic valve replacement among women [24].

Moreover, the proportion of women receiving LAAO steadily decreased from 44.8% to 38.9%

over the 8-year study period. Growing evidence suggests that females are at greater risk of

adverse events such as pericardial effusion and major bleeding following LAAO, which may

discourage offering the procedure [9, 25, 26]. Anatomical differences, increased frailty, as well

as physician inexperience, particularly with women who may be at inherently increased risk,

have been cited as factors contributing to such sex-based differences [9]. The persistent dispar-

ity in treatment over time underscores the need for further clinical trial data of LAAO use dur-

ing valve operations to adequately guide sex-based safety guidelines and effective outcomes.

Significant racial bias in LAAO utilization was also observed. Relative to Whites, Black

patients had 9% reduced odds of undergoing LAAO during valvular surgery. Our findings add

to a body of literature on racial disparities in the utilization of cardiac procedures, including

independent valve replacement and transcatheter LAAO [8, 27]. The reasons are likely multi-

factorial. Black patients are less likely to follow guideline-directed anticoagulation therapy for

AF management, and those with severe aortic stenosis often decline aortic valve replacement

against recommendation, suggesting issues concerning historical discrimination, trust, and

systemic racism in the delivery of care [28, 29]. Lower socioeconomic status often underlies

disparate access to care among racial and ethnic minorities, but the present work found no sig-

nificant association between LAAO utilization and payer [29]. Additional efforts to mitigate

racial bias in AF treatment and identify causal factors at the patient, provider, and institutional

levels are warranted.

Fig 4. Risk-adjusted hospitalization costs and length of stay (LOS) associated with left atrial appendage occlusion

(LAAO) utilization during valvular heart surgery. *p<0.001. LAAO: concomitant LAAO use. nLAAO: no
concomitant LAAO use.

https://doi.org/10.1371/journal.pone.0286337.g004
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Hospitals in the Midwest and West had significantly increased likelihood of LAAO utiliza-

tion whereas Northeast hospitals had decreased odds compared to the South. These findings

align with Friedman et al.’s previous analysis of a smaller study cohort, which found the high-

est utilization rates of LAAO during cardiac surgery in the Great Lakes (25%) and lowest in

New England (5%) [30]. Interestingly, we found that hospital metropolitan teaching status as

well as operative volume had no significant impact on LAAO utilization, indicating that these

geographic disparities may be due to other population-based characteristics. Southern states

have the highest proportion of Black individuals, which may explain the reduced use of LAAO

[31]. In addition, prior studies that have similarly found Western states more likely to receive

cardiac operations have cited state certificate-of-need (CON) policies, which still regulate pro-

vision of cardiac procedures in many states except those in the West [32].

Notably, we found that utilization of LAAO during valvular operations was associated with

over 20% decreased odds of in-hospital mortality, stroke, and thromboembolism. Opinions

regarding the efficacy of LAAO have been mixed largely due to the technical challenge of

achieving complete appendage closure [33]. However, increasing evidence from randomized

controlled trials in recent years have consistently found lower risk of ischemic stroke and sys-

temic embolism among patients with AF undergoing concomitant LAAO and cardiac proce-

dures [11, 21, 34]. Literature suggests that LAAO may improve fibrin clot permeability and

susceptibility to lysis in the cardiovascular system [35]. Additionally, LAAO has been associ-

ated with neurohormonal changes in the renin-angiotensin-aldosterone system favoring blood

pressure reduction [36], potentially underlying the improvement in renal, cardiac, respiratory,

and septic complications observed in our study. Moreover, we found significantly reduced

hospitalization costs ($62,600 vs $64,000) and a 1-day decrement in LOS among LAAO

patients, exemplifying improved financial outcomes. As the potential benefits of undergoing

LAAO during valvular surgery come to light, it is imperative to better understand sociodemo-

graphic disparities in utilization and their influence on patient outcomes.

The present study has several limitations inherent to its retrospective nature and use of

administrative data. The NIS lacks clinical granularity regarding information such as symptom

severity, intraoperative techniques and true completion of appendage occlusion. Notably, the

type, dosage, duration, and adherence to anticoagulation therapy were unable to be captured

in the NIS database. Variation in coding practices at participating hospitals could have also

contributed to misclassification bias or incomplete data. Furthermore, ICD-9/10 codes for AF

(427.3, I48) were unable to stratified into different types and included paroxysmal, chronic,

preoperative and postoperative AF. This likely contributed to underestimation of the true rates

of chronic anticoagulation use. Nevertheless, we defined AF using methodology that has been

validated and reviewed in prior studies using administrative data [37, 38]. Similarly, excision,

destruction, and occlusion of LAA were defined by a singular ICD-9 procedure code (37.36)

and could not be stratified. All available data were limited to the duration of hospitalization

and did not capture long-term outcomes, which may have underestimated the true incidence

of complications and mortality as well as need for readmission. Potential factors that may

influence surgeons’ decisions to perform concomitant LAAO were not available, including his-

tory of bleeding disorders or occurrence of intraoperative complications. Despite these limita-

tions, we utilized the largest all-payer inpatient database and robust statistical methods to

enhance the generalizability of our findings at the national level.

In conclusion, the present study used a nationally representative database to demonstrate

that female and Black patients had significantly lower odds of LAAO utilization, while hospi-

tals in the Midwest and West were associated with greater use of LAAO during valvular heart

surgery. Given the improved in-hospital clinical and financial outcomes associated with
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LAAO, increasing access to LAAO should be considered for patients with AF across the

United States.
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