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Abstract

Background

While advances in medical and surgical management have allowed >97% of congenital

heart disease (CHD) patients to reach adulthood, a growing number are presenting with

non-cardiovascular malignancies. Indeed, adults with CHD are reported to face a 20%

increase in cancer risk, relative to others, and cancer has become the fourth leading cause

of death among this population. Surgical resection remains a mainstay in management of

thoracoabdominal cancers. However, outcomes following cancer resection among these

patients have not been well established. Thus, we sought to characterize clinical and finan-

cial outcomes following major cancer resections among adult CHD patients.

Methods

The 2012–2020 National Inpatient Sample was queried for all adults (CHD or non-CHD)

undergoing lobectomy, esophagectomy, gastrectomy, pancreatectomy, hepatectomy, or

colectomy for cancer. To adjust for intergroup differences in baseline characteristics,

entropy balancing was applied to generate balanced patient groups. Multivariable models

were constructed to assess outcomes of interest.

Results

Of 905,830 patients undergoing cancer resection, 1,480 (0.2%) had concomitant CHD. The

overall prevalence of such patients increased from <0.1% in 2012 to 0.3% in 2012 (P for

trend<0.001). Following risk adjustment, CHD was linked with greater in-hospital mortality

(AOR 2.00, 95%CI 1.06–3.76), as well as a notable increase in odds of stroke (AOR 8.94,

95%CI 4.54–17.60), but no statistically significant difference in cardiac (AOR 1.33, 95%CI

0.69–2.59) or renal complications (AOR 1.35, 95%CI 0.92–1.97). Further, CHD was associ-

ated with a +2.39 day incremental increase in duration of hospitalization (95%CI +1.04–
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3.74) and a +$11,760 per-patient increase in hospitalization expenditures (95%CI +$4,160–

19,360).

Conclusions

While a growing number of patients with CHD are undergoing cancer resection, they dem-

onstrate inferior clinical and financial outcomes, relative to others. Novel screening, risk

stratification, and perioperative management guidelines are needed for these patients to

provide evidence-based recommendations for this complex and unique cohort.

Introduction

Advances in the cross-disciplinary management of those with congenital heart disease (CHD)

have allowed >97% of such patients to survive into adulthood [1]. As a consequence of

improving survival, the incidence of adults CHD patients presenting with non-cardiovascular

diseases and malignancy has also increased [2, 3]. In a study of *89,000 adults, Karazisi and

colleagues [4] found a*20% increase in risk of cancer among CHD patients, even after

adjusting for genetic syndromes and organ transplantation. In addition to increased exposure

to radiation from diagnostic or therapeutic procedures in childhood, prior work has suggested

CHD and cancer may share certain genetic or environmental risk factors [5]. Ultimately, an

amalgamation of such aspects have led cancer to become the fourth leading cause of death

among CHD patients [6, 7].

Upon cancer diagnosis, many patients may be offered surgical resection as part of disease

management. While often part of gold standard, multi-modal approaches, these procedures

can be associated with >10% risk of serious adverse events, including postoperative bleeding,

infection, or embolism [8–10]. Given their unique cardiac architecture, subsequent suboptimal

physiologic reserve, and associated hepatopulmonary dysfunction in certain subtypes, patients

with CHD may be at heightened risk for death or major complications following such onco-

logical resections [11, 12]. Yet, to date, outcomes of major cancer resections among patients

with CHD have not been well established in the literature. Thus, both clinicians and patients

remain without a clear understanding of the additional perioperative challenges these patients

may face.

In the present study, we examined outcomes following major resection for lung, esophageal,

gastric, pancreatic, hepatocellular, and colon cancer using a nationally-representative and con-

temporary sample. We hypothesized that patients with CHD would face greater in-hospital

mortality, perioperative complications, and resource utilization.

Methods

All records for adult (�18 years) hospitalizations entailing diagnosis codes for major cancers

and associated procedure codes for cancer resections, including lobectomy for lung cancer,

esophagectomy for esophageal cancer, gastrectomy for gastric cancer, pancreatectomy for pan-

creatic cancer, hepatectomy for hepatocellular carcinoma, and colectomy for colon cancer,

were identified from the 2012–2020 National Inpatient Sample (NIS) using previously

reported International Classification of Diseases, Ninth and Tenth Revision (ICD-9-CM and

ICD-10-CM) diagnosis and procedure codes [13]. As the largest publicly available, all-payer
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database, the NIS provides accurate estimates for *7 million hospitalizations and>97% of the

United States population each year [14].

Individual diagnoses of CHD diagnoses were ascertained using appropriate ICD-9-CM/

10-CM codes as previously published [11, 15]. Single-ventricle CHD comprised hypoplastic

left heart syndrome, tricuspid atresia, Ebstein’s anomaly, pulmonary valve atresia, common

ventricle, and double-outlet right ventricle, except for tetralogy of Fallot and transposition of

the great arteries (S1 Table) [16]. Records missing key data were excluded (<0.1%) (Fig 1).

NIS, National Inpatient Sample

The HCUP data dictionary was utilized to define patient and hospital factors [14]. The well-

validated Elixhauser Comorbidity Index was applied to quantify patient burden of chronic

conditions at hospitalization [17]. Relevant comorbidities and perioperative complications

were tabulated using ICD-9-CM/10-CM codes [13]. Hospital annual cancer resection case vol-

ume was calculated and stratified into terciles. Center-specific, cost-to-charge ratios were used

to calculate overall hospitalization costs, and subsequently inflation-adjusted using the 2020

Personal Healthcare Price Index [18].

The primary outcome of the study was in-hospital mortality during index admission for

resection. Secondary outcomes included the development of perioperative complications (car-

diac, renal, stroke, infectious, respiratory, thrombotic, and need for blood transfusion), dura-

tion of hospitalization (LOS), and hospitalization costs.

Patient and hospital characteristics were compared using Pearson’s, Mann-Whitney U, and

adjusted Wald tests. To adjust for baseline variation, entropy balancing was utilized. Briefly,

this method applies pseudo-propensity scores to balance patient and hospital factors between

groups while retaining the entire cohort for analysis [19]. Of note, entropy balancing has been

demonstrated to be more statistically robust than propensity matching [20]. Multivariable

regression models were subsequently constructed to assess the independent association of

CHD with outcomes of interest. Model covariates were selected using Elastic net regulariza-

tion, which utilizes a penalized least-squares methodology to reduce model overfitting and

covariate collinearity [21]. Variables ultimately selected for inclusion included patient age, sex,

Elixhauser comorbidity index, insurance coverage, zipcode-based income quartile, procedure

type, year of diagnosis, and the presence of comorbid coronary artery disease, pulmonary cir-

culation disorders, neurological disorders, chronic pulmonary disease, liver disease, and coa-

gulopathic disorders, as well as hospital teaching status. Receiver operating characteristics

were used to examine model discrimination. Logistic and linear regression model outputs are

presented as adjusted odds ratios (AOR) and beta-coefficients (β), respectively, both with 95%

confidence intervals (95%CI). We did not correct for multiplicity, and as such generalizable

conclusions cannot be assumed from the width of confidence intervals. All reported estimates

represent survey-weighted methodology.

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

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

study was exempted from full review by the Institutional Review Board at the University of

California, Los Angeles.

Results

Of an estimated 905,830 patients admitted for major cancer resection, 0.2% (1,480) had a diag-

nosis of CHD. Among CHD patients, 115 (7.8%) had single-ventricle disease. The prevalence

of patients with CHD undergoing resection for cancer increased from <0.1% in 2012 to 0.3%

in 2019 and 0.3% in 2020 (P for trend<0.001). Compared to non-CHD patients, adult cancer
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patients with CHD more frequently underwent lobectomy for lung cancer (41.1 vs 26.0%) and

pancreatectomy for pancreatic cancer (14.2 vs 9.5%, P<0.001, Fig 2).

CHD, congenital heart disease

The CHD cohort was, on average, similar in distribution of age, sex, income, and insurance

coverage, compared to non-CHD. Relative to non-CHD, patients with CHD presented with a

higher Elixhauser comorbidity index (4 [3–5] vs 3 [2–5], P<0.001) and more often faced

Fig 1. CONSORT diagram of survey-weighted estimates. Of 905,830 hospitalizations for elective resection for lung, esophageal, gastric, hepatocellular, pancreatic, and

colon cancer tabulated in the 2012–2020 NIS, 1,480 (0.1%) had a prior congenital heart disease (CHD) diagnosis. All estimates represent survey-weighted methodology.

https://doi.org/10.1371/journal.pone.0295767.g001
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coronary artery disease (25.0 vs 15.6%, P<0.001), chronic lung disease (28.7 vs 23.3%,

P = 0.03), cerebrovascular disease (3.3 vs 6.1%, P = 0.01) and coagulopathic disorders (6.1 vs

3.3%, P = 0.01). While CHD and non-CHD were similarly often treated at high volume institu-

tions (70.9 vs 65.1%, P<0.001), they more frequently received care at metropolitan teaching

centers (87.5 vs 75.1%, P<0.001). A complete characterization of the cohort is detailed in

Table 1.

Following resection, CHD patients more often experienced in-hospital mortality (3.4 vs

1.3%, P = 0.002), as well as stroke (3.0 vs 0.3%, P<0.001), and renal complications (10.5 vs

6.5%, P<0.001), compared to their non-CHD counterparts. Additionally, CHD patients dem-

onstrated greater median LOS (6 [4–10.5] vs 5 [4–8], P<0.001) and costs ($27,300 [$19,700–

43,800] vs $20,500 [$14,300–30,800], P<0.001).

After entropy balancing, adequate covariate balance was achieved. Following risk adjust-

ment, CHD demonstrated increased odds of in-hospital mortality (AOR 2.00, 95%CI 1.06–

3.76; Model C-Statistic 0.80) as well as greater likelihood of stroke (AOR 8.94, 95%CI 4.64–

17.60; Model C-Statistic 0.84) (Fig 3).

Fig 2. Cancer breakdown by CHD. Relative to non-CHD, patients with CHD more frequently underwent lobectomy (41.2 vs 26.0%), pancreatectomy (14.2 vs 9.5%), and

hepatectomy (3.4 vs 2.8%). However, they less often underwent colectomy (34.5 vs 53.1%) and esophagectomy (1.0 vs 1.8%, P<0.001).

https://doi.org/10.1371/journal.pone.0295767.g002
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Considering resource utilization, CHD was associated with longer duration of hospitaliza-

tion (+2.39 days, 95%CI +1.04–3.74) and greater per-patient expenditures (β+$11,760, 95%CI

+$4,160–19,360) (Fig 4 and Table 2).

Discussion

Due to significant advances in medical and surgical management, the last several decades have

seen patients with CHD experience a dramatic improvement in survival [2, 22]. Yet, these

patients are noted to face both an increased non-cardiac disease burden, as well as greater

Table 1. Demographic, clinical, and hospital characteristics.

Non-CHD
(n = 904,350)

CHD
(n = 1,408)

P-value

Age (years [IQR]) 67 [59–75] 69 [61–76] 0.13

Female (%) 48.2 51.0 0.32

Elixhauser Comorbidity Index (years [IQR]) 3 [2–5] 4 [3–5] <0.001

Cancer resection (%) <0.001

Lobectomy 26.0 41.1

Esophagectomy 1.8 1.0

Gastrectomy 6.9 5.7

Colectomy 53.1 34.4

Pancreatectomy 9.5 14.2

Hepatectomy 2.8 3.4

Income quartile (%) 0.10

>75% 24.1 30.2

51–75% 25.3 24.7

26–50% 26.3 23.3

0–25% 24.4 21.9

Insurance coverage (%) 0.33

Private 33.0 28.0

Medicare 57.2 61.8

Medicaid 6.2 6.8

Other Payer 3.5 3.4

Comorbidities (%)
Coronary artery disease 15.6 25.0 <0.001

Cardiac arrhythmias

Pulmonary circulation disorders 1.8 7.8 <0.001

Cerebrovascular disease 3.3 6.1 0.01

Chronic lung disease 23.3 28.7 0.03

Diabetes 22.7 18.9 0.12

Anemia 6.2 5.4 0.56

Liver disease 5.2 4.4 0.52

Coagulopathies 3.3 6.1 0.01

Hospital teaching status (%) <0.001

Urban teaching 75.1 87.5

Urban non-teaching 18.6 8.4

Rural 6.3 4.1

Reported as proportions unless otherwise noted. Statistical significance was set at α = 0.05.

*SD, standard deviation; IQR, inter-quartile range

https://doi.org/10.1371/journal.pone.0295767.t001

PLOS ONE CHD Cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0295767 January 2, 2024 6 / 12

https://doi.org/10.1371/journal.pone.0295767.t001
https://doi.org/10.1371/journal.pone.0295767


perioperative risk, relative to others [2, 7, 15, 23]. Thus, the present study characterized clinical

and financial outcomes of major cancer resections in a contemporary national sample of adults

with CHD. We report these patients faced higher in-hospital mortality and perioperative com-

plications. CHD was further linked with a +2.56 day increase in duration of hospitalization

and a*$16,000 increase in per-patient expenditures. Several of these findings merit further

discussion.

Prior work has established the increased risk of cancer in patients with CHD relative to the

general population [4, 22–27]. Indeed, in a study of 31,961 patients in Taiwan, CHD patients

demonstrated a 45% increase in relative risk of malignancy over five years of follow-up [28].

Similarly, Mandalenakis et al. report a doubling in the risk of developing a malignancy among

CHD patients followed for nearly 40 years [24]. Potentially reflecting this literature, we identi-

fied an increasing trend in the number of CHD patients undergoing cancer resection from

2010 to 2020. Considering recent studies have suggested patients undergoing reparative inter-

ventions in infancy may face even greater low-dose radiation burden with unknown long-term

sequelae [22, 29], we postulate the incidence of cancer may grow higher among newer genera-

tions of CHD patients [30]. Future studies should investigate differences in cancer risk relative

to timing of surgical procedures in this cohort.

Fig 3. Association of CHD with inferior clinical outcomes. After entropy balance and risk adjustment, prior congenital heart disease (CHD) diagnosis was linked with

greater likelihood of in-hospital mortality and stroke. No difference in odds of cardiac or renal complications was observed. * indicates statistical significance, P<0.05.

Reference: Non-CHD. Error bars represent 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0295767.g003
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Additionally, we report resection for lung cancer was most prevalent among the CHD

cohort, in accordance with prior reports [22, 24, 31]. These patients, in particular those palli-

ated with the Fontan procedure, may face low cardiac output and higher systemic venous pres-

sures, potentially enhancing carcinoma development [32, 33]. Notably, however, there is a

significant gap in relevant guideline-based screening for these patients [34]. In a single-center

study, only 16% of CHD patients undergoing cancer treatment had undergone prior screening

Fig 4. CHD cohort linked with greater resource utilization. After adjustment, the cohort of patients with concomitant congenital heart disease (CHD) demonstrated (A)

a +2.39 day incremental increase in duration of hospitalization (95%CI +1.04–3.74), as well as (B) a +$11,760 per-patient increase in hospitalization expenditures (95%CI

+$4,160–19,360).

https://doi.org/10.1371/journal.pone.0295767.g004

Table 2. Unadjusted and adjusted outcomes of the CHD cohort as compared to Non-CHD.

Unadjusted Adjusted

Non-CHD CHD P CHD 95% CI P
Clinical outcomes

In-hospital mortality 1.3 3.4 0.002 2.00 1.06–3.76 0.03

Cardiac complications 1.8 3.0 0.09 1.33 0.69–2.59 0.40

Stroke complications 0.3 3.0 <0.001 8.94 4.54–17.60 <0.001

Renal complications 6.5 10.5 0.006 1.35 0.92–1.97 0.12

Infectious complications 3.6 4.4 0.46 1.30 0.74–2.27 0.36

Respiratory complications 9.1 10.1 0.53 0.97 0.66–1.42 0.87

Blood transfusion 8.7 9.5 0.63 1.30 0.88–1.92 0.19

Thrombotic complications 0.9 2.0 0.03 0.81 0.36–1.82 0.61

Non-home discharge 10.0 10.5 0.78 0.94 0.64–1.39 0.77

Resource utilization

Length of stay (days) [IQR] 5 [4–8] 6 [4–10.5] <0.001 +2.39 1.04–3.74 0.001

Cost (USD $1,000) [IQR] 20.5

[14.3–30.8]

27.3

[19.7–43.8]

<0.001 +11.76 4.16–19.36 0.002

Outcomes reported as proportions or as Adjusted Odds Ratio (AOR) with 95% confidence intervals (95% CI).

*IQR, interquartile range; USD, United States dollar

https://doi.org/10.1371/journal.pone.0295767.t002
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[35]. Specific screening protocols for adult CHD patients should reflect the multiple risk fac-

tors and the increased radiation exposure that patients with CHD endure [34, 36].

Further, after adjusting for relevant patient and hospital factors, we found CHD patients to

demonstrate greater in-hospital mortality and perioperative complications following cancer

resection, relative to non-CHD. These findings align with previous work that has demonstrated

CHD patients to demonstrate greater operative risk for morbidity following a number of elec-

tive procedures for various indications [15, 37]. Indeed, at baseline, patients with CHD present

with worse physical and cardiovascular functional status that may make them more susceptible

to complications [32, 33]. While increased risk may originate from certain unmodifiable factors

that engender decreased perfusion, such as worse ventricular function or arrhythmias, avoiding

the need for bypass may reduce risk among these patients [38]. We also identified a notable

increase in likelihood of postoperative stroke among the CHD cohort, in concordance with lit-

erature reporting adult CHD patients face greater propensity for cerebrovascular disease, rela-

tive to the general population [39]. This increased risk has been suggested to stem from right-

to-left shunts, prior palliative procedures, or the erythrocytosis secondary to cyanotic disease

[40]. Intraoperatively, these patients may experience increases in pulmonary vascular resistance,

shunting, right ventricular dysfunction, or inadequate cardiac output, potentially leading to

embolism, decreased perfusion, and multi-organ complications [41]. Yet, there is a significant

lack of evidence regarding optimal risk-assessment, anesthetic management, or hemodynamic

monitoring of these patients [37]. Given the impact of hypoxemia, hypercarbia, and volume

shifts for these patients, in particular for those with complex or univentricular lesions, novel

approaches are needed to improve pre-, intra-, and post-operative care.

Broadly, patients with CHD demonstrate higher rates of healthcare utilization both in the

inpatient and outpatient contexts [42, 43]. In the present study, we report an approximately

$11,760 increase in hospitalization expenditures for each CHD patient, even after adjusting for

the development of perioperative complications. While we did note a*2 day incremental

increase in duration of hospitalization, we proffer the difference in cost may largely stem from

more intensive medical management. Indeed, adults with CHD may face a number of hemo-

dynamic, electrophysiologic, thromboembolic, or neurologic abnormalities stemming from

residua or sequelae of corrective surgery that ultimately require multimodal and multi-disci-

plinary management [42]. We further identified that adjusted per-patient costs for the CHD

cohort increased over the study period, from $24,160 in 2012 to over $30,326 in 2020. With a

growing number of CHD patients reaching adulthood, most of whom are covered by public

insurance, this cohort will therefore comprise an increasing proportion of national hospital

expenditures [44]. Thus, novel strategies are needed to maximize quality of care while reducing

both hospital and patient financial burden.

The present work has certain limitations inherent to its retrospective nature. The National

Inpatient Sample is an administrative database that does not report ejection fraction, echocar-

diogram findings, or genetic testing. Cancer staging data was unavailable, as was information

regarding tumor size, nodal disease, or metastasis. While we could access CHD diagnosis, we

could not identify if patients had a history of Fontan or other palliative procedures. Unfortu-

nately, this is a limitation faced by all large-database analyses of CHD due to lack of granular

International Classification of Diseases codes for history of these procedures. Further, due to

insufficient discriminatory detail, ICD codes may be unable to classify specific CHD subtypes.

While we adjusted our models for annual center volume, we could not account for cumulative

center or surgeon experience. Additionally, while we considered a national sample, the small

size of the CHD cohort may have contributed to greater variation and imprecision. Yet, despite

these caveats, we applied robust and thorough statistical methodology to conduct a large-scale

and nationally representative analysis of CHD patients undergoing resection for cancer.
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Conclusion

In conclusion, we report a growing number of patients with CHD undergoing resection for

cancer. Patients with CHD demonstrated inferior clinical and financial outcomes following

cancer surgery, relative to others. Our work underscores the need for novel approaches to peri-

operative and intraoperative management that consider these patients’ unique anatomy and

physiology. Lastly, new risk stratification guidelines are required to provide evidence-based

guidelines for optimal cancer care and allow for informed, comprehensive shared-decision

making among this complex, unique, and heterogeneous cohort.
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