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Abstract

Objective: To compare rates of severe maternal morbidity (SMM) for pregnant patients with a 

cardiac diagnosis classified by the modified World Health Organization (mWHO) classification to 

those without a cardiac diagnosis.

Study design: This retrospective study using the 2015–2019 Nationwide Readmissions 

Database identified hospitalizations, comorbidities, and outcomes using diagnosis and procedure 

codes. The primary exposure was cardiac diagnosis, classified into low-risk (mWHO class I and 

II) and moderate-to-high-risk (mWHO class II/III, III, or IV). The primary outcome was SMM 

or death during the delivery hospitalization; secondary outcomes included cardiac-specific SMM 

during delivery hospitalizations and readmissions after the delivery hospitalization.

Results: A weighted national estimate of 14,995,122 delivery admissions was identified, 

including 46,541 (0.31%) with mWHO I-II diagnoses and 37,330 (0.25%) with mWHO II/III-IV 

diagnoses. Patients with mWHO II/III-IV diagnoses experienced SMM at the highest rates (22.8% 

vs 1.6% for no diagnosis; with adjusted relative risk (aRR) of 5.67 [95% CI: 5.36 to 6.00]). The 

risk of death was also highest for patients with mWHO II/III-IV diagnoses (0.3% vs. <0.1% for 

no diagnosis; aRR 18.07 [95% CI: 12.25–26.66]). Elevated risk of SMM and death persisted to 11 

months postpartum for those patients with mWHO II/III-IV diagnoses.
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Conclusions: In this nationwide database, SMM is highest among individuals with moderate-to-

severe cardiac disease based on mWHO classification. This risk persists in the year postpartum. 

These results can be used to enhance pregnancy counseling.
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INTRODUCTION

Cardiovascular disease is the leading cause of maternal mortality in the United States. 

Data extracted from the Centers for Disease Control and Prevention’s Pregnancy Mortality 

Surveillance System from 2011 to 2013 suggest that cardiovascular conditions and 

cardiomyopathy together account for 26% of pregnancy-related deaths.1 The rising 

impact of cardiovascular disease in pregnancy is attributed to rising maternal age and 

obesity, increasing prevalence of acquired cardiovascular co-morbidities among women 

of childbearing age, improved pediatric congenital heart disease outcomes permitting 

survival into adulthood, and persistent racial/socioeconomic disparities.2–7 Pregnant people 

with cardiac disease are at higher risk for adverse cardiovascular, neonatal, and obstetric 

complications, although the degree and breadth of risk can vary widely depending on the 

underlying diagnosis and is often not well-quantified in the literature.8, 9

There are currently three primary risk or classification models used to predict adverse 

cardiovascular events in pregnancy for women with pre-existing cardiac disease. These 

are the CARPREG II risk score, the ZAHARA risk score, and the modified World 

Health Organization classification of maternal cardiovascular risk (mWHO).10–12 The 

ZAHARA risk score is specifically designed for women with congenital heart disease, 

while CARPREG II and the mWHO classification provide estimates of the risk of adverse 

cardiac events for women with both congenital and acquired heart disease. None of these 

models are comprehensive in their inclusion of cardiac diagnoses. The mWHO classification 

outperforms CARPREG I (the first iteration of CARPREG) and ZAHARA in terms 

of predicting adverse cardiac events in pregnancy among women with congenital heart 

disease13, 14 and acquired heart disease.15, 16 The performance of the mWHO classification 

has not been directly compared to CARPREG II. The outcome predicted for all the 

models is adverse cardiac events, typically including arrhythmia, heart failure or pulmonary 

edema, transient ischemic attack, stroke, dissection, myocardial infarction, cardiac arrest, or 

maternal death. The models do not capture the risk of other adverse maternal outcomes, 

such as mechanical ventilation, sepsis, preeclampsia, or transfusion. However, the mWHO 

classification does divide the risk of maternal morbidity and mortality into no, small, 

intermediate, significantly and extremely high risk, providing a general guide to the overall 

risks of pregnancy for individuals with cardiac disease.

The mWHO classification divides cardiac diagnoses into five classes based on risk of 

pregnancy and provides predicted maternal adverse cardiac event rates.12, 17, 18 Women in 

mWHO class I are considered at no detectable increased risk of maternal morbidity and 
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mortality, mWHO II are at small increased risk, mWHO II/III are at intermediate increased 

risk, mWHO III are at significantly increased risk, and mWHO IV are at such high risk of 

maternal morbidity and mortality that pregnancy is considered contraindicated. Validation 

of the predicted maternal adverse cardiac event rates and risk of morbidity and mortality 

associated with the mWHO classes in a large US population has yet to be completed.

The primary aim of this study was to quantify and compare rates of severe maternal 

morbidity (SMM) and mortality during delivery hospitalization in a large, nationwide 

database among pregnant women with no, low-, and high-risk cardiac disease using the 

mWHO classification. Secondly, we aimed to examine SMM and mortality up to 11 months 

postpartum and to compare outcomes between those who did and did not experience cardiac 

morbidity during their delivery hospitalization.

METHODS

This was a retrospective cohort study utilizing the Nationwide Readmissions Database 

(NRD), Healthcare Cost and Utilization Project, Agency for Healthcare Research and 

Quality.19 The NRD dataset is a large administrative dataset that, in 2019, contained 

hospitalizations for 30 states, representing 61.8% of the U.S. population and 60.4% of all 

hospitalizations. Data available in each record include demographic information (e.g. age, 

gender, primary payer), diagnosis and procedure codes, hospital characteristics, including 

location and academic affiliation, hospital length of stay, inpatient charges, and discharge 

disposition. Methods used for the purposes of this analysis are further described in detail 

elsewhere.20 Delivery hospitalizations from October 1, 2015 to December 31, 2019 were 

included. The final quarter of 2015 was selected as the start date for the study as this was 

the date of adoption of International Classification of Diseases, Tenth Revision, Clinical 

Modification (ICD-10) for billing in the United States, , which provided a significant 

increase in the granularity of disease coding. At the time of this analysis, December 2019 

was the most recent NRD data available for review.

The exposure of interest was a diagnosis code during the delivery hospitalization consistent 

with cardiac disease in pregnancy. ICD-10 codes were used to identify women with a cardiac 

disease diagnosis (Supplemental Table 1). Women were divided into three comparator 

groups. The first included all women with a delivery hospitalization within the given 

timeframe who did not have one of the cardiac diagnosis codes of interest. The remaining 

two groups included women with a diagnosis of cardiac disease, which were subsequently 

classified by mWHO classification and divided into groups by mild or moderate-to-severe 

cardiac disease.12 The use of billing codes limited the degree of precision of the cardiac 

diagnoses and ability to divide into the five separate mWHO classes. For example, repaired 

congenital heart disease (CHD) lesions could not be differentiated from unrepaired CHD 

lesions, as they are in the mWHO classification, and moderate left ventricular impairment 

cannot be differentiated from severe. However, when mWHO class I and mWHO class 

II diagnoses were combined, they were mutually exclusive of the diagnoses included in 

mWHO classes II-III, III, and IV (Supplementary Table 1). This allowed a comparison of the 

outcomes between diagnoses included in mWHO classes I and II, which are associated with 

a lower risk of adverse cardiac events, and those diagnoses included in mWHO classes II/III, 
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III, and IV, which are associated with a moderate-to-high risk of adverse cardiac events. 

Repaired aortic coarctation was only included in the mWHO I-II group. To summarize, 

the cohorts included women without cardiac disease, women with mWHO I-II cardiac 

disease (mWHO I-II), and women with mWHO II-III, III, or IV cardiac disease (mWHO II/

III-IV). For individuals who might have more than one cardiac diagnosis in different mWHO 

categories, the individual was assigned a cohort according to the most severe diagnosis. 

Aortic root dilation was excluded from the exposures of interest for two reasons. First, the 

degree of aortic root dilation was unable to be specified by ICD-10 codes. Second, the 

ICD-10 code for aortic aneurysm was included in the SMM primary outcome, as noted 

below. Underlying aortopathies, such as Marfan syndrome and bicuspid aortic valve, were 

included.

The primary outcome was a composite of severe maternal morbidity, as defined by the 

Centers for Disease Control and Prevention (CDC), and maternal mortality occurring during 
the delivery hospitalization. Table 1 includes the specific CDC Severe Maternal Morbidity 

Indicators included in the primary outcome, as well as secondary outcomes.21 Secondary 

outcomes during the delivery hospitalization included cardiac-specific severe maternal 

morbidity (as outlined in Table 1) and mortality, non-transfusion severe maternal morbidity 

or mortality, preterm birth (defined by presence of ICD-10 code Z3A .xx, with xx the digits 

coding gestational age < 37 weeks), and cesarean delivery rather than vaginal delivery.

In addition to analyzing events during the delivery hospitalization, we also evaluated 

readmissions for SMM and cardiac-specific SMM, as well as readmissions ending in 

death following delivery. The NRD is a calendar year dataset (i.e., there is no crossover 

between years of the dataset) and reports discharge date at the level of month; making the 

conservative assumption that discharges occur at the end of the month, the longest follow-up 

period available is thus 11 months (for patients discharged in January), and we accordingly 

treated patients as being censored (lost to follow-up) based on their month of discharge 

(e.g., 1 month for November, 2 months of October, etc.). In evaluating readmissions, patients 

were stratified based on whether they had experienced a cardiac-specific SMM event during 

their delivery hospitalization in order to examine rates of SMM occurring after the delivery 

admission both for those who had an initial adverse cardiac event during their delivery 

hospitalization and those that did not.

Covariates of interest that were available in the NRD dataset included age in years at 

admission, calendar year and quarter, primary expected payer, hospital characteristics, 

delivery type, and medical comorbidities, using a previously validated obstetric-specific 

comorbidity index.22 The comorbidity index includes preexisting heart disease and 

pulmonary hypertension as comorbid conditions, and since these were incorporated into 

the mWHO categories, we removed these variables from our comorbidity adjustment. 

Univariate statistical methods, incorporating the weighted, stratified, and clustered nature 

of the NRD, were used to assess the univariate associations between demographics, 

cardiac disease, and outcomes. Relative risk regression (incorporating the NRD’s weighting, 

stratification, and clustering) using a Poisson model was used to assess for associations 

between cardiac disease and delivery hospitalization outcomes, adjusting for patient age, 

comorbidities, delivery mode (except for the cesarean outcome), and calendar year and 
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quarter. Similarly, a weighted Cox proportional hazards model was used to analyze 

readmissions data, controlling for the same covariates and again accounting for the 

complex survey methods of the NRD. Kaplan-Meier failure estimates were calculated 

for readmissions for SMM or mortality, cardiac-specific SMM or mortality, death, 

or readmission for any reason or death occurring after discharge from the delivery 

hospitalization for each mWHO classification group and by whether any cardiac-specific 

SMM had occurred during the delivery stay. Stratification by whether subjects had 

experienced cardiac SMM during their delivery hospitalization was performed to further 

examine the risks of cardiac disease in the postpartum period based on the outcome of 

their delivery hospitalization. Statistical analysis was completed in Stata Statistical Software, 

Version 16.1 (Statacorp, College Station, Texas). A two-sided alpha value of 0.05 was 

considered statistically significant. Given the retrospective nature of this analysis using 

an existing, limited dataset, the Duke University School of Medicine Institutional Review 

Board deemed it exempt from review.

RESULTS

A total of 8,004,184 patients experienced a delivery hospitalization between October 2015 

and December 2019 (Figure 1). When weighted to produce estimates of the national 

population, rather than only the sample included in the NRD dataset, this sample equated 

to 14,995,122 patients. For the remainder of this manuscript, numbers are reported as 

a weighted statistic. Of the total weighted delivery hospitalizations, 14,911,251 (99.5%) 

women did not have cardiac disease, 46,541 (0.3%) had mWHO I-II cardiac disease, 

37,330 (0.2%) had mWHO II/III-IV cardiac disease. The sample sizes for individual cardiac 

diagnoses, when available, are provided in Supplementary Table 1. Women with cardiac 

disease differed in age (28.8 vs. 30.2 vs. 29.8 years for no cardiac disease, mWHO I-II, 

and mWHO II/III-IV, respectively; p<0.001), delivery at a metropolitan teaching hospital 

(69.5%, 76.6% and 81.2% for no cardiac disease, mWHO I-II, II/III-IV, and unclassified, 

respectively; p<0.001), and comorbid conditions compared to women without cardiac 

disease (Table 1).

Detailed SMM event rates are provided in Supplementary Table 2. All delivery 

hospitalization outcomes demonstrated increased probability in unadjusted analyses with 

increasing severity of mWHO class (Figure 2). Specifically, mWHO I-II was associated with 

higher rates of SMM, including non-transfusion SMM and cardiac-specific SMM, death, 

preterm birth, and cesarean delivery when compared to patients without cardiac disease; 

mWHO II-III/IV was associated with even higher rates of all outcomes. These findings 

were confirmed in adjusted analyses (Figure 3). Patients with mWHO II/III-IV disease had 

a 5.67-times higher adjusted probability of any SMM or mortality during their delivery 

hospitalization (95% confidence interval: 5.36, 6.00) compared with no cardiac disease, with 

similar notably higher rates of non-transfusion and cardiac-specific SMM. Death, preterm 

birth, and cesarean delivery rates were similarly elevated with one-quarter of those with 

mWHO II/III-IV disease delivering preterm and one-half delivering by cesarean. Results 

from unweighted regression models (not incorporating the complex design of the NRD) 

were similar (Supplementary Figure 1).
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Among patients surviving their delivery hospitalization, we examined outcomes for those 

with cardiac disease compared to no cardiac disease up to 11 months postpartum following 

the delivery hospitalization (Figure 4). Occurrence of a cardiac SMM event during the 

delivery hospitalization was observed to be a powerful predictor of subsequent adverse 

outcomes, and for this reason, analyses were performed stratified on this variable. In 

unadjusted analyses, with the exception of death for those with mWHO I-II cardiac disease, 

rates of adverse outcomes were higher for patients with cardiac disease than those without 

cardiac disease regardless of whether they had experienced cardiac SMM during their 

delivery stay. These differences in postpartum outcomes were less pronounced for those with 

mWHO class I-II disease.

Finally, comparisons were adjusted for potential confounding factors in Cox proportional 

hazard models (Table 3). For patients with cardiac SMM during their delivery stay, 

associations between mWHO I-II disease versus no cardiac disease and rates of adverse 

outcome were not statistically significant. In contrast, except for death, there were 

significant positive associations noted between mWHO II/III-IV disease and adverse 

outcomes. Among patients without cardiac SMM during the delivery stay, both mWHO 

I-II and mWHO II/III-IV cardiac disease compared to no cardiac disease was associated 

with increased risk of SMM-related rehospitalizations. However, death was only positively 

associated with mWHO II/III-IV cardiac disease, but not mWHO I-II cardiac disease, 

compared to no cardiac disease in this group that did not experience cardiac SMM during 

the delivery stay. Results from unweighted regression models (not incorporating the complex 

design of the NRD were similar (Supplementary Table 3).

DISCUSSION

In this nationwide cohort, pregnant people with mWHO II/III, III, or IV cardiac lesions 

in pregnancy, as defined by the modified World Health Organization classification of 

maternal cardiovascular risk, were more likely to experience severe maternal morbidity 

or mortality both during their delivery hospitalization and during readmissions up to 11 

months postpartum compared to pregnant people without cardiac disease. In fact, nearly 

one-quarter of pregnant people with mWHO II/III-IV cardiac lesions experienced severe 

maternal morbidity or death, 18% experienced cardiac-specific morbidity or mortality, and 

the risk of death alone was 0.3% during the delivery hospitalization.

Our results also provide important insight into the temporal relationship between cardiac 

disease and SMM and mortality. Notably, regardless of whether they had experienced 

cardiac SMM during their delivery hospitalization, those with mWHO II/III-IV cardiac 

disease experienced a significantly increased risk of SMM, non-transfusion SMM, and 

cardiac SMM throughout the 11 months postpartum compared to those without a cardiac 

diagnosis. In contrast, only those with a mWHO I-II cardiac diagnosis who did not 

experience cardiac SMM during their delivery hospitalization remained at increased risk 

for SMM and death in the 11 months postpartum. It is possible that this group with lower 

risk cardiac disease who do not experience cardiac SMM during the delivery hospitalization 

are followed less closely in the postpartum period. These findings suggest that vigilance 

must be maintained throughout the postpartum period in people with mWHO II/III-IV and 
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mWHO I-II cardiac disease, even if they do not experience significant adverse cardiac events 

during their delivery hospitalization. Such vigilance could be accomplished by continued 

close follow-up by the pregnancy heart team during the year postpartum.12, 18

Our findings corroborate the mWHO classification of maternal cardiovascular risk. The 

mWHO classification was initially devised based on expert opinion and theoretical risk, with 

the risk of adverse cardiac events ranging from 2–5% in mWHO class I, to 11–19% in 

mWHO class II/III, to >27% in mWHO class IV.18 The unadjusted probability of cardiac 

SMM or mortality in our study for the higher-risk mWHO classes was 18%, which is 

consistent with the predicted adverse cardiac event rates. Albeit based on expert opinion, this 

classification system often performs superiorly in the prediction of adverse cardiac events 

in pregnancy to other risk prediction models, such as CARPREG and ZAHARA.13–16 The 

data from our large, nationwide study provides one of the most comprehensive assessments, 

based on standardized definitions, of severe maternal morbidity and mortality in individuals 

with cardiac disease to date. While representing an average of three of the mWHO classes 

(mWHO classes II/III, III, and IV), this study confirms the significantly elevated risk of 

severe complications among pregnant people with mWHO class II/III-IV heart disease 

compared to no heart disease and compared to mWHO class I-II disease. Not to be 

trivialized, however, our results also highlight the increased risk of severe complications 

in those with cardiac diagnoses considered to be mild (mWHO class I and II). “Low risk” 

is not the equivalent of “no risk”, with this group experiencing a nearly 2-fold increase 

in the risk of severe maternal morbidity and mortality compared to those with no cardiac 

diagnosis. These findings can be used to strengthen the mWHO classification. Furthermore, 

the results may also aid clinicians in counseling patients with cardiac disease about the risks 

of pregnancy, delivery, and the postpartum period.

Finally, our results shed light on some of the increased obstetric risks for patients with 

cardiac disease in pregnancy. Both those with mWHO I-II and mWHO II/III-IV cardiac 

disease were at higher risk for preterm birth and cesarean delivery. While we were 

unable to determine what proportions of these differences were due to iatrogenic causes, 

these differences are notable. Preterm birth carries long-term risks to the neonate,23 while 

cesarean delivery carries increased risks of maternal complications.24, 25 Most guidelines 

regarding management of cardiovascular disease in pregnancy recommend vaginal delivery 

over cesarean in the absence of obstetric indications for cesarean delivery.12, 26 In fact, data 

from the ROPAC registry suggests that planned cesarean delivery in patients with cardiac 

disease results in earlier delivery and lower neonatal birth weight.27 There are only a select 

few cardiac diagnoses, mostly in mWHO class IV, that warrant a planned cesarean birth. The 

discrepancy in cesarean birth rates seen in our data between those without cardiac disease 

and those with mWHO class I-II and class II/III-IV cardiac disease highlights the need for 

continued education of obstetric and cardiology providers regarding the safe and appropriate 

intrapartum management of cardiac disease in pregnancy.

The strengths of this study include the use of a large, nationwide database providing one 

of the largest samples available to analyze outcomes of cardiac disease in pregnancy. 

Additional strengths include the use of the CDC’s standardized definition of severe 

maternal morbidity, as well as the use of validated ICD-10 comorbidity indices.21, 22 
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While assessment of outcomes was limited to a maximum of 11-months postpartum given 

lack of linkage between years in the NRD database, the analysis of outcomes for such a 

long postpartum period provides insight into the potential delayed risks of pregnancy for 

individuals with cardiac disease and is consistent with the definition of pregnancy-related 

death.

We recognize several limitations. The NRD dataset only provides data on hospitalizations 

and readmissions. Rather than only including pregnant patients with antepartum 

admissions, which could have overestimated rates of adverse events, we included delivery 

hospitalizations (which would capture most pregnancies ending in delivery) and subsequent 

readmissions. However, this limitation may have resulted in an underestimation of the 

true event rate in this population. For example, events (e.g. ICU admission) occurring 

prior to a delivery hospitalization that did not culminate in delivery were not included 

in the estimation. These limitations further highlight that the true risk of any severe 

maternal morbidity or death related to cardiac disease in pregnancy is likely higher than 

what is presented here. As is true for all retrospective analyses utilizing administrative 

datasets, this study was further limited by reliance on ICD-10 diagnosis codes, which 

may not have captured all exposures and outcomes. Under-coding may have led to an 

underestimation cardiac diagnoses, comorbidities, and outcomes. For example, the 3.3% of 

subjects identified as having a BMI ≥ 40 is lower than the expected rate of 9% in the US 

population reported by the CDC in 2017–2018.28 The reliance on ICD-10 diagnosis codes 

prevented more granular division of the mWHO classes into classes I, II, II/III, III, and IV.

In conclusion, the results of this study provide valuable supporting data that can be used 

when counseling people with cardiac disease in pregnancy. Beyond insights into the absolute 

risk of severe maternal morbidity and mortality from a large, nationwide database, this study 

highlights that the risks of pregnancy complicated by cardiac disease extend beyond delivery 

into the year postpartum. While pregnant people with mWHO II/III-IV disease are at highest 

risk for SMM and mortality, those with lower risk lesions classified as mWHO I-II also have 

a significantly elevated risk compared to those without cardiac disease that should not be 

minimized.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Derivation of Study Cohort
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Figure 2: 
Unadjusted results from delivery hospitalizations, stratified by modified World Health 

Organization cardiac category
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Figure 3: 
Adjusted in-hospital outcomes, stratified by modified World Health Organization cardiac 

category, compared to no heart disease
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Figure 4: 
Unadjusted Kaplan-Maier curves comparing rates of readmission, stratified by modified 

World Health Organization cardiac category, compared to no heart disease
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