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In the United States, cardiovascular disease accounts for 
at least 25% of pregnancy-related deaths, making it the 

leading cause of maternal mortality [1]. Individuals with 
preexisting cardiac disease are at higher risk of pregnancy-
related cardiac complications [2]. As rates of pregnancy 
among individuals with preexisting cardiac disease are 
increasing in the United States, determining optimal man-
agement of these individuals is an important component of 
maternal morbidity and mortality reduction [3].

In both pregnant and non-pregnant individuals in 
the Southern United States, there are notable racial 
and geographic disparities in cardiovascular outcomes. 
Cardiovascular mortality is increasing among residents of 
the rural Southern United States [4]. Higher age-adjusted 
mortality rates in individuals who live in the rural South are 
due to potentially preventable causes of heart disease [5, 6], 
lower emergency department visits and hospitalizations for 
heart failure [7], and less access to a suitable level of care to 
meet the patients’ individual needs [8]. There are significant 
disparities in pregnancy-related mortality ratios for patients 
in rural versus urban areas throughout the United States  
[9, 10]. Similarly, there are large disparities in obstetric out-
comes between non-Hispanic Black and White individuals, 
both in terms of maternal mortality rates and cardiovascu-
lar complications of pregnancy. Black women have higher 

pregnancy-related mortality rates, morbidity rates, and car-
diovascular complications of pregnancy compared to White 
women [11]. These differences persist with education level 
and widen as women age [12]. Specifically in North Carolina, 
non-Hispanic Black individuals have pronounced dispari-
ties in all causes of severe maternal morbidity (SMM) and 
mortality including 2.4-fold higher rates of cardiac-specific 
causes [13]. The contribution of preexisting cardiovascular 
diseases to these disparities is unknown.

Our objective was to identify the volume of births with 
known preexisting maternal cardiac disease in North 
Carolina and to further evaluate the association between 
known maternal cardiac disease (based on modified World 
Health Organization categories) and outcomes. We addi-
tionally aimed to identify disparities in outcomes between 
urban and rural residents, and Black and White individuals 
in North Carolina.
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Methods
This was a retrospective cohort study using the 2019 

North Carolina Statewide Inpatient Database (SID) from the 
Healthcare Cost and Utilization Project, sponsored by the 
Agency for Healthcare Research and Quality [14]. The SID is 
an administrative dataset including all inpatient admissions 
for non-federal (e.g., excluding military facilities), short-stay 
hospitals in North Carolina. Available patient data for each 
discharge include demographic information such as age, sex, 
race and ethnicity, primary payor, and individual’s home ZIP 
code. Race and ethnicity were combined as a single variable 
as reported by the hospital, which is likely a combination of 
self-reported and observed race and ethnicity. International 
Classification of Disease, 10th Edition (ICD-10), Clinical 
Modification diagnosis codes (with present-on-admission 
indicators included to denote whether the diagnosis was 
noted at time of hospital admission or occurred during the 
hospital stay) and procedure codes, hospital length of stay, 
discharge disposition, and delivery hospital characteristics 
were also provided. It is not possible to follow individuals 
across hospitalizations in this dataset, and thus outcomes 
were limited to the delivery hospitalization.

An indicator variable available in the 2019 North Carolina 
SID to identify delivery hospitalizations was derived by the 
data supplier based on diagnosis and procedure codes. This 
indicator variable was used to identify the cohort of inter-
est. The exclusion criteria included individuals not residing 
in North Carolina, delivered before 20 weeks of gestation, or 
who had a missing hospital identifier. The cohort was strati-
fied by preexisting cardiac disease. The modified World 
Health Organization (mWHO) classification system strati-
fies pregnancy risk from cardiac disease into categories 
ranging from no detectable increased morbidity and mor-
tality risk to such high risk that termination of pregnancy 
is recommended [15]. The mWHO strata typically encom-
pass five different categories of risk: I, II, II/III, III, and IV.  
However, due to limitations in ICD-10 diagnosis codes, it is 
not possible to identify cardiac disease with sufficient gran-
ularity to assign individuals to each category (e.g., there are 
no billing codes for severity of lesion). Therefore, we com-
bined categories of cardiac risk into those ranging I–II, and 
II/III–IV (Appendix 1). We have previously used this cate-
gorization to describe maternal cardiac disease in national 
administrative datasets [16]. We identified other comorbid 

conditions using a validated comorbidity index [17]. For both 
cardiac disease and comorbid conditions of pregnancy, we 
used only those diagnosis codes that were listed as present 
on admission or for which present-on-admission coding is 
not pertinent; we did this to identify conditions that were not 
a complication of delivery but instead were present at the 
time of admission. 

Hospital characteristics were identified using the 
Medicare Provider of Services files. These included hos-
pital ZIP code, annual delivery volume, and presence of 
coronary critical care units and a cardiac surgical program. 
ICD-10 procedure codes for all hospitalizations during the 
2019 year were used to identify hospitals that could pro-
vide extracorporeal membrane oxygenation (ECMO) ser-
vices and intra-aortic balloon pump procedures (IABP). We 
defined “cardiac hospitals” as those capable of providing 
ECMO, IABP, cardiac surgery, and cardiac care unit (CCU) 
services, since these services could be required emergently 
during cardiopulmonary decompensation. Individual ZIP 
codes were then converted into Rural-Urban Commuting 
Area (RUCA) codes, which are based on population density 
and commuting flow in selected ZIP codes. The resulting 
RUCA codes were categorized using urban versus rural defi-
nitions [18]. Distances between the geographic center of the 
individual’s ZIP code and the individual’s delivery hospital, 
the closest cardiac hospital, and the closest delivery hos-
pital were calculated using the geodesic distance (i.e., the 
straight-line distance between points) between the centers 
of the ZIP codes. 

The criteria promulgated by the United States Centers for 
Disease Control and Prevention Severe Maternal Morbidity 
Criteria were used to identify adverse maternal outcomes of 
birth from the diagnosis and procedure codes supplied on 
the SID record [19]. We pre-specified a primary composite 
outcome of cardiac SMM that includes births complicated 
by acute myocardial infarction, cardiac arrest, need for car-
dioversion, acute heart failure, pulmonary edema, shock, or 
mechanical ventilation or tracheostomy; this is a composite 
outcome we have used previously when evaluating mater-
nal cardiac disease [16]. The secondary outcome was the 
composite non-transfusion SMM. Transfusion secondary to 
postpartum hemorrhage accounts for a large proportion of 
overall SMM rates, and the number of units of blood trans-
fused is captured poorly in many facilities in administrative 
data; therefore, SMM events that only included blood trans-
fusion were excluded in our analysis [20, 21]. CDC SMM cri-
teria are included in Appendix 2 [19]. 

Univariate analysis using the Kruskal-Wallis test for con-
appendix 1
Cardiac Diagnoses by Modified World Health Organization 
Classification, Frequency in Nationwide Readmissions 
Database, Expected Adverse Cardiac Event Rate, and 
Corresponding International Disease Classification, Tenth 
Revision, Clinical Modification Codes
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tinuous variables and the chi-squared test for binary/cate-
gorical variables were performed to compare demographics, 
comorbid conditions, incidence of SMM, and delivery type 
across the cardiac disease categories. Logistic regression, 
adjusting for individual age, primary payor, median ZIP code 
income, comorbid conditions, and delivery in a cardiac hos-
pital, was used to assess the relationships between rural 
versus urban living status and outcomes, and race and out-
comes. These regression models controlled for a number of 
comorbid conditions, including gestational diabetes, HIV, 
pre-gestational diabetes, prior cesarean section, multife-
tal gestation, asthma, bleeding disorders, Body Mass Index 
(BMI) greater than 40, chronic kidney disease, autoimmune 
conditions, previa, substance use disorder, anemia, bariatric 
surgical status, GI disease, mental health conditions, neuro-
muscular conditions, abruption, placenta accreta spectrum 
disorder, and thyroid conditions. Adjustment for hyperten-

sive disorders of pregnancy (chronic hypertension, gesta-
tional hypertension, or preeclampsia) is challenging because 
cardiac disease itself may predispose people to these con-
ditions. For this reason, we assessed the sensitivity of our 
results to regression both with and without adjustment 
for these conditions. To determine if observed differences 
in outcome were driven by facility variation, we addition-
ally performed conditional logistic regression (i.e., fixed 
effects regression), which allowed us to compare outcomes 
between Black and White patients, adjusting for the differ-
ent rates of outcomes at each facility. Because there were 
missing values of race (2.8%), ZIP code income (0.6%), and 
primary payor variables (0.4%), multiple imputation was 
performed using chained equations [22]. Statistical analy-
sis was performed in Stata statistical software, Version 16.1. 
A two-sided alpha value of 0.05 was considered statisti-
cally significant. This study was adjudicated to be exempt 

table 1.
Individual Demographics and Comorbidities for 2019 Births in North Carolina

   Modified WHO (mWHO) cardiac category
     P-value 
  No heart disease mWHO I–II mWHO II/III–IV  (difference across 
  (N = 106,043) (n = 369) (n = 366) categories)
Patient demographics – – – –
Age in years at admission 29 [24, 33] 30.0 [25, 34] 30 [25, 34] < .001
Race / Ethnicity – – – < .001
 White 54,628 (53.0) 255 (70.1) 222 (61.3) –
 Black 25,904 (25.1) 72 (19.8) 97 (26.8) –
 Hispanic 14,482 (14.1) 22 (6.0) 23 (6.4) –
 Asian/Pacific Islander 3661 (3.6) * * –
 Native American 1250 (1.2) * * –
 Other 3137 (3.0) * * –
Urban ZIP code 85,030 (80.2) 296 (80.2) 286 (78.1) .62
Zip code median household income – – – .34
 Quartile 1 (Lowest) 36,843 (34.9) 113 (31.0) 132 (36.2) –
 Quartile 2 37,052 (35.1) 127 (34.8) 115 (31.5) –
 Quartile 3 20,075 (19.0) 83 (22.7) 77 (21.1) –
 Quartile 4 (Highest) 11,449 (10.9) 42 (11.5) 41 (11.2) –
Primary payor – – – < .001
 Medicare 352 (0.3) * * –
 Medicaid 48,239 (45.7) 136 (37.1) 163 (44.7) –
 Private 51,488 (48.8) 205 (55.9) 184 (50.4) –
 Self-pay 2517 (2.4) * * –
 Other 2989 (2.8) 16 (4.4) * –
Selected comorbid conditions – – – –
 Advanced maternal age 17,831 (16.8) 91 (24.7) 90 (24.6) < .001
 Asthma 7247 (6.8) 51 (13.8) 55 (15.0) < .001
 Bariatric surgery 412 (0.4) * * .001
 Bleeding disorder 2749 (2.6) 11 (3.0) 20 (5.5) .002
 Body mass index greater or equal to 40 104 (0.1) * * .70
 Chronic renal disease 321 (0.3) * * < .001
 Connective tissue or autoimmune disease 239 (0.2) * * .002
 Gastrointestinal disease 9251 (8.7) 77 (20.9) 73 (19.9) < .001
 Gestational diabetes mellitus 8873 (8.4) 33 (8.9) 39 (10.7) .27
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table 1 continued.

   Modified WHO (mWHO) cardiac category
     P-value 
  No heart disease mWHO I–II mWHO II/III–IV  (difference across 
  (N = 106,043) (n = 369) (n = 366) categories)
 Gastrointestinal disease 9251 (8.7) 77 (20.9) 73 (19.9) < .001
 Gestational Diabetes Mellitus 8873 (8.4) 33 (8.9) 39 (10.7) .27
 Human Immunodeficiency Virus/Acquired  
   Immunodeficiency Syndrome 106 (0.1) * * .48
 Mental health disorder 12,470 (11.8) 101 (27.4) 88 (24.0) < .001
 Multiple gestations 1831 (1.7) 12 (3.3) * .07
 Neuromuscular disease 528 (0.5) * * .05
 Placenta accreta spectrum 107 (0.1) * * .49
 Placenta previa 382 (0.4) * * < .001
 Placental abruption 1296 (1.2) * * .94
 Preexisting anemia 19,048 (18.0) 86 (23.3) 79 (21.6) .006
 Preexisting Diabetes Mellitus 2068 (2.0) * * < .001
 Prior cesarean birth 17,767 (16.8) 69 (18.7) 95 (26.0) < .001
 Substance use disorder 9740 (9.2) 32 (8.7) 44 (12.0) .16
 Thyrotoxicosis 368 (0.3) * * .02
Hypertensive disorders of pregnancy – – – –
 Chronic hypertension 5243 (4.9) 37 (10.0) 58 (15.8) < .001
 Preeclampsia with severe features 5110 (4.8) 33 (8.9) 41 (11.2) < .001
 Gestational hypertension/preeclampsia  
   without severe features 11,127 (10.5) 49 (13.3) 45 (12.3) .12
Outcomes – – – –
 Cardiac severe maternal morbidity 141 (0.1) * 38 (10.4) < .001
 Any non-transfusion severe maternal morbidity 660 (0.6) * 48 (13.1) < .001
 Any severe maternal morbidity 1719 (1.6) * 52 (14.2) < .001
 Gestational age (weeks) at birth 39.0 [38, 39] 38.0 [37, 39] 38.0 [37, 39] < .001
 Preterm birth 11,467 (10.8) 67 (18.2) 87 (23.8) < .001
 Delivery type – – – < .001
 Spontaneous vaginal 69,746 (66.8) 212 (58.6) 186 (51.7) –
 Operative vaginal 3858 (3.7) 17 (4.7) 16 (4.4) –
 Cesarean 30,788 (29.5) 133 (36.7) 158 (43.9) –

*Values ≤ 10 and exact values suppressed by requirements of data vendor.
P-values were performed by a Kruskal-Wallis test for continuous variables and a Chi-squared test for binary and categorical variables. Missing values were present 
in race (2,990 observations), ZIP code income quartile (629 observations), primary payor (461 observations), and delivery type (1,664 observations)

from review by the Duke University School of Medicine 
Institutional Review Board, given that the SID is a Limited 
Data Set as defined by the United States Health Insurance 
Portability and Accountability Act. 

Results
A total of 111,839 delivery hospitalizations were identi-

fied. Individuals were excluded who were not North Carolina 
residents (3185), delivered before 20 weeks (933), or were 
missing a hospital identifier (943). The cohort thus included 
106,778 individuals identified as having a delivery hospital-
ization in North Carolina in the year 2019. Of these deliv-
ery hospitalizations, 106,043 (99.3%) individuals did not 
have preexisting cardiac disease, 369 (0.3%) had preexist-
ing mWHO category I–II cardiac disease, and 366 (0.3%) 
women had preexisting mWHO category II/III–IV cardiac 
disease (Table 1). The prevalence of cardiac disease also dif-

fered by race, with White race more common among indi-
viduals with preexisting cardiac disease (53.0%, 70.1%, and 
61.3% for no cardiac disease, mWHO I–II, and mWHO II/III–
IV, respectively; P < .001). Compared to women without car-
diac disease, women with preexisting cardiac disease had 
more comorbid conditions, including chronic hypertension, 
mental health disorders, and preeclampsia. Individuals with 
mWHO II/III–IV disease delivered in larger hospitals with 
a larger annual number of births (3913 versus 3832 versus 
3315 for mWHO II/III–IV, mWHO I–II, and no cardiac dis-
ease, respectively; P < .001) and were more likely to deliver 
in cardiac hospitals (76.2% versus 70.2% versus 50.3% 
for mWHO II/III–IV, mWHO I–II, and no cardiac disease, 
respectively; P < .001) (Appendix 3). The median distance 
from the individual’s ZIP code to the ZIP code of the delivery 
hospital was also longer for those with mWHO II/III–IV dis-
ease. Rates of non-transfusion SMM and cardiac SMM were 
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higher for individuals with mWHO II/III–IV disease when 
compared with those without cardiac disease (10.4% versus 
0.1% for cardiac SMM, 13.1% versus 0.6% percent for non-
transfusion SMM; P < .001 for both comparisons). Cesarean 
and preterm delivery rates were also highest for women with 
cardiac disease (Table 1). 

Approximately 19.8% (N = 21,166) of individuals who 
delivered in North Carolina resided in a rural ZIP code, 
including 21.8% (n = 88) of individuals with mWHO II/III–IV 
disease. Residents of rural ZIP codes had longer distances to 
the ZIP code of the nearest cardiac hospital (median: 35.7 
miles, 25th–75th percentiles: 28.2–45.3 miles) when com-
pared with urban residents (median: 10.0 miles, 25th–75th 
percentiles: 5.6–21.8 miles; P < .001) (Figure 1). Among all 
deliveries, 22.3% of rural residents delivered in a cardiac 
hospital versus 57.5% of urban residents; among those 
patients with mWHO II/III–IV disease, 60.0% of rural resi-
dents delivered at a cardiac hospital compared to 80.8% of 
urban residents (P < .001). There were no differences in the 
observed rate of cardiac SMM in rural residents when com-
pared to urban residents, both overall and after stratification 
by mWHO category (Figures 2A and 2B). Differences were 
also not significant when adjusting using regression models 
for demographic characteristics or comorbid conditions, and 
when evaluating the non-transfusion SMM endpoint (results 
not shown). Among the cohort of patients with mWHO II/
III–IV disease, there was also no difference in the incidence 
of cardiac SMM based on delivery in a cardiac hospital ver-

sus a non-cardiac hospital (11.1% versus 8.1%, P = .41).
Comparisons of racial and ethnic disparities were 

restricted to Black and White individuals, because the sam-
ple sizes for other racial and ethnic groups in the mWHO 
II/III–IV group were too small for comparisons. For similar 
sample size reasons, individuals with no cardiac disease and 
mWHO I–II disease were consolidated into a single category 
and compared to those with mWHO II/III–IV disease. This 
design resulted in a sample of 81,878 individuals identifying 
as either Black or White. Among these individuals, rates of 
cardiac SMM were higher for Black individuals than White 
(0.28% versus 0.13%, P < .001) (Figure 3A). The racial dis-
parity in cardiac SMM rates was larger, both on an absolute 
(incremental) risk difference and on a relative risk difference, 
for individuals with mWHO II/III–IV disease than for those 
having no cardiac disease or mWHO I/II disease (Figure 3B). 
These differences persisted after adjustment (Table 2). 

Discussion
In this retrospective cohort study, we utilized a statewide 

database of births across North Carolina in 2019 to charac-
terize the volume of births by individuals with known cardiac 
disease and the potential for rural/urban and racial dispari-
ties in adverse cardiac outcomes. We verified that individu-
als with mWHO II/III–IV disease have a higher risk of cardiac 
complications than do individuals with no preexisting mater-
nal cardiac disease or low-risk lesions (mWHO I–II) [23]. 
While there is a disparity in the capabilities of facilities in 
which urban and rural residents with high-risk lesions deliver, 
this does not result in a statistically significant difference in 
cardiac SMM. In contrast, for Black individuals when com-
pared to White individuals, the overall rate of cardiac com-
plications of birth are significantly higher, and this difference, 
whether measured as an additive risk or a multiplicative risk, 
is greater for individuals with high-risk cardiac conditions 
than those with no or low-risk cardiac conditions. 

Current guidelines suggest that individuals with mWHO 
category II/III–IV disease should deliver at a hospital with 
advanced cardiovascular capabilities [24]. Our study sug-
gests that despite these recommendations, approximately 
a quarter of this high-risk population does not deliver at a 
cardiac facility. There are likely differences in patients with 
mWHO II/III–IV conditions who deliver at cardiac facilities 
versus those who do not, potentially driven by differences in 
access to care and patient preferences. While the results did 
not demonstrate a difference in outcomes among mWHO  
II–III/IV patients based on the cardiovascular capability 
of their delivery facility, we suspect that there are strong, 
unmeasured selection effects. Additionally, the technologies 
we identified as being indicative of a cardiac hospital (such 
as ECMO) are tools that can rescue an individual experienc-
ing a life-threatening complication of birth, but such tech-
nologies would not be expected to necessarily prevent the 
occurrence of the complication. Thus, it is not clear that 
cardiac SMM rates would necessarily be altered by these 

figure 1.
Distance from Center of Individual’s Residential ZIP 
Code to Delivery Hospital ZIP Code for Comparison 
of Rural- versus Urban-residing Individuals

appendix 3
Facility Characteristics

This appendix is available in its entirety in the  
online edition of the NCMJ.
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technologies, but these technologies would be expected to 
mitigate the impact of cardiac SMM on survival. 

Distance traveled to delivery facility is an important fac-
tor to consider when discussing widespread access to pre-
natal care, especially for high-risk pregnancies. Our results 
demonstrated that individuals with more severe cardiac dis-
ease in pregnancy traveled further distances to their deliv-
ery facility. We found that fewer individuals from rural areas 
delivered at a cardiac facility than did their urban counter-
parts, yet the overall rates of cardiac SMM did not differ 
between these populations. As prior studies have demon-
strated, longer distances to prenatal care may influence 
adverse outcomes in pregnancy [25–27]. Although we did 
not identify differences in outcomes based on distance trav-
eled or delivery facility, we were limited by relatively small 
sample sizes in our evaluation of SMM at delivery, particu-
larly in the rural population with mWHO II/III–IV disease. 
Further investigation might reveal that delayed access to 
care has a potential impact on SMM events in the antepar-

tum or postpartum period.
Prior studies have identified a higher incidence of cardiac 

and non-cardiac SMM in women of racial or ethnic minor-
ity status compared with White individuals [11, 28]. In our 
study, we illustrate the important role of preexisting cardiac 
disease in mediating this disparity, suggesting that improving 
the pregnancy care that Black individuals in North Carolina 
with preexisting cardiac disease receive is a possible inter-
vention to reduce racial disparities in maternal outcomes. 
Standardization of care is a powerful tool for improving 
maternal outcomes and reducing racial inequalities [29]. For 
patients with complex maternal cardiac disease, the advent 
of Pregnancy Heart Teams (with a multidisciplinary, stan-
dardized approach to these complex patients) is the new 
standard of care [30–32]. The creation of regional Centers of 
Excellence, with the development of Pregnancy Heart Teams 
that focus on improving maternal cardiovascular care, should 
be considered as a next step toward improving care of indi-
viduals with cardiovascular disease in North Carolina.

figure 2 (a-b).
Cardiac Severe Maternal Morbidity, by Residential ZIP Code-Level Rural/Urban Classification, Stratified by mWHO Cardiac 
Category

figure 3 (a-b).
Cardiac Severe Maternal Morbidity, by Race, Stratified by mWHO Cardiac Category

0.0

0.1

0.2

0.3

0.4

0.5

Pe
rc

en
ta

ge
 o

f p
at

ie
nt

s 
w

ith
 c

ar
di

ac
se

ve
re

 m
at

er
na

l m
or

bi
di

ty

Rural Urban
Urban Resident

0.17% 
(0.14%, 0.20%)

0.17% 
(0.13%, 0.24%)

A.

0

5

10

15

20

25

30

Rural Urban Rural Urban Rural Urban

No heart disease mWHO I-II mWHO II/III-IV

Pe
rc

en
ta

ge
 o

f p
at

ie
nt

s 
w

ith
 c

ar
di

ac
se

ve
re

 m
at

er
na

l m
or

bi
di

ty
Urban Resident

0.13% 
(0.11%, 0.16%)

0.13% 
(0.09%, 0.19%)

0.34% 
(0.05%, 2.36%)

0%

10.14% 
(7.14%, 14.21%)

11.25%
(5.96%, 20.23%)

B.

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

Pe
rc

en
ta

ge
 o

f p
at

ie
nt

s 
w

ith
 c

ar
di

ac
se

ve
re

 m
at

er
na

l m
or

bi
di

ty

White Black
Race

0.13%
(0.10%, 0.16%)

0.28%
(0.23%, 0.36%)

A.

0

10

20

30

40

White Black White Black

No disease/mWHO I-II mWHO II/III-IV

Pe
rc

en
ta

ge
 o

f p
at

ie
nt

s 
w

ith
 c

ar
di

ac
se

ve
re

 m
at

er
na

l m
or

bi
di

ty

Race

0.11%
(0.08%, 0.14%)

0.20%
(0.15%, 0.26%)

23.71%
(16.29%, 33.17%)

5.41%
(3.09%, 9.28%)

B.



255NCMJ vol. 4, no. 4
ncmedicaljournal.com

This study has several limitations. First, the North 
Carolina SID does not include readmissions. We are unable 
to capture up to 22% of new SMM events that occur in the 
postpartum period, which are two-fold more likely to occur 
within the first 42 days postpartum in individuals with any 
SMM event at their delivery admission [33, 34]. This limita-
tion also resulted in our inability to study antepartum admis-
sions, which might have captured a broader SMM rate for 
the study population of women with cardiac disease in preg-
nancy. Our delivery distance information was based on geo-
graphic centers of ZIP codes, which is an imprecise measure 
and does not correlate perfectly with transportation time. 
Additionally, despite including virtually all births in North 
Carolina during 2019, the numbers of rural residents with 
mWHO II/III–IV disease was low and may be insufficient to 
identify differences in outcomes.

The most important limitation of this study is our depen-
dence on diagnosis and procedure codes for identification 
of deliveries, cardiac disease, comorbidities, and outcomes. 
The sensitivity and specificity of ICD-10-CM codes is vari-
able and is likely tied to the quality of provider documen-
tation and whether the addition of a specific diagnosis or 
procedure code alters facility reimbursement. For example, 
the prevalence of BMI of 40 or greater reported in this study 
(0.1%) does not correlate with our clinical experience or 
that of the original publication of the expanded Obstetric 
Comorbidity Index, where the prevalence was 4.1%. This 
study may not reflect the full burden of preexisting cardiac 
disease prior to birth if individuals were not coded as having 
a cardiac disease. This problem may be even greater in indi-
viduals of lower socioeconomic status who face barriers to 
care and thus have lower health care utilization. Therefore, 
our estimates potentially underestimate the true degree of 

disparity in North Carolina. Consideration of a high-quality, 
prospective database of patients who are pregnant with 
maternal cardiac disease in North Carolina has the potential 
to better describe, track, and measure quality and outcomes 
of this critically important population. 

Conclusion
In summary, this study reports on the volume of delivery 

hospitalizations with preexisting maternal cardiac disease 
in North Carolina and demonstrates considerable racial dis-
parities in cardiac SMM in pregnant individuals with moder-
ate to severe cardiac disease in this state. While statistically 
significant differences in outcome were not noted, there 
was a statistically significant reduction in the number of 
rural patients with cardiovascular disease who delivered at 
a facility equipped to provide comprehensive cardiac care. 
These findings can inform counseling of high-risk individuals 
with cardiac disease and birth planning and may also assist 
in developing systems of care to provide evidence-based, 
high-quality care for these patients.  
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table 2.
Model Results for Cardiac Severe Maternal Morbidity 
for Comparison of Black versus White Race, Stratified by 
Modified World Health Organization Cardiac Category

 Odds Ratio for Black versus White race,  
 with 95% Confidence Interval
  None or mWHO I–II mWHO II/III–IV
Unadjusted 1.33 (0.97, 1.83) 4.39 (2.19, 8.21)

Adjusteda 1.59 (1.34, 1.89) 3.80 (1.82, 7.92)

Adjusteda + HDPb 1.18 (0.84, 1.65) 3.90 (1.71, 8.93)

Adjusteda + HDPb + Facilityc 1.16 (0.76, 1.77) 4.24 (1.71, 10.52)
aModels adjusted for age, primary payor, ZIP code median income, comorbid 
conditions (gestational diabetes, HIV, pre-gestational diabetes, prior 
cesarean section, multifetal gestation, asthma, bleeding disorders, BMI 
greater than 40, chronic kidney disease, autoimmune conditions, previa, 
substance use disorder, anemia, bariatric surgical status, GI disease, mental 
health conditions, neuromuscular conditions, abruption, placenta accreta 
spectrum disorder, and thyroid conditions), urban/rural status, and delivery 
at a heart hospital
bModels additionally adjusted for presence of HDP (hypertensive disorder of 
pregnancy; chronic hypertension, gestational hypertension or preeclampsia 
without severe features; preeclampsia with severe features)
cModel additionally adjusted for facility effects; sample size reduced to 
63,632 as cannot include sites without any cardiac SMM in these analyses 
due to the nature of statistical models used
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appendix 1.
Cardiac Diagnoses by Modified World Health Organization Classification, Frequency in Nationwide Readmissions Database, Expected 
Adverse Cardiac Event Rate, and Corresponding International Disease Classification, Tenth Revision, Clinical Modification Codes

Diagnosis ICD-10-CM code
Modified WHO classification I
Uncomplicated or mild pulmonary stenosis Q221, I37.0, I09.89
Uncomplicated or small patent ductus arteriosus Q25.0
Uncomplicated or mild mitral valve prolapse I34.1
Successfully repaired ASD Q21.1, Q21.2, Q20.8. Q21.8, Q21.9
Successfully repaired VSD Q21.0
Successfully repaired PDA Q25.0
Successfully repaired anomalous pulmonary venous return Q26.2 or Q26.3
Atrial ectopic beats I49.1, I49.49
Ventricular ectopic beats I49.3
Modified WHO classification II
Unoperated ASD *Same as above for repaired ASD
Unoperated VSD *Same as above for repaired VSD
Repaired Tetralogy of Fallot Q21.3
Repaired aortic coarctation Q25.1
Supraventricular arrhythmias I47.1, I48.91, I48.20, Z86.79, I48.92, I45.6
Turner syndrome without congenital cardiac disease Q96.x
Modified WHO classification II–III
Mild left ventricular impairment (EF > 45%) †
Hypertrophic cardiomyopathy I42.1, I42.2
Mild mitral stenosis  I05.0, I34.2
Moderate aortic stenosis I06.0, I06.2, I35.0, I35.2, Q25.3, Q24.3, Q25.2, Q23.0, Q24.4
Marfan or other HTAD syndrome without aortic dilation Q87.40, Q79.60, Q79.61, Q79.63,
Aorta < 45 mm in bicuspid aortic valve pathology Q23.1
Repaired coarctation without residua (non-Turner) Excluded (see above in class II)
Modified WHO classification III
Previous peripartum cardiomyopathy with no residual left ventricular dysfunction †
Moderate left ventricular impairment (EF 30%–45%) I50.1, I50.2x, I50.3x, I50.4x, I50.9, I11.0
Mechanical valve Z95.2
Systemic right ventricle with good or mildly decreased ventricular function Q23.4, Q20.5
Uncomplicated Fontan circulation  Q20.8
Unrepaired cyanotic heart disease Q20.0, Q20.8, Q20.3, Q22.9, Q26.2
Moderate mitral stenosis Same as above for mild mitral stenosis
Severe asymptomatic aortic stenosis Same as above for moderate aortic stenosis
Moderate aortic dilation (40–45 mm in Marfan syndrome or other HTAD; 45–50 mm in bicuspid  Excluded as aortic aneurysm was included as part of composite 
 aortic valve; Turner syndrome ASI 20–25 mm/m2; Tetralogy of Fallot < 50 mm)    outcome
Ventricular tachycardia I47.2
Modified WHO classification IV
Pulmonary arterial hypertension I27.2, I27.21
Severe systemic ventricular dysfunction (EF 30%, NYHA III–IV) Same as above for moderate left ventricular impairment
Previous peripartum cardiomyopathy with any residual left ventricular dysfunction I42.0, O90.3
Severe mitral stenosis  Same as above for mild mitral stenosis
Severe symptomatic aortic stenosis Same as above for moderate aortic stenosis
Systemic right ventricle with moderate to severely decreased ventricular function Same as above for systemic right ventricle with good or mildly 
decreased ventricular function
Severe aortic dilation (45 mm in Marfan syndrome or other HTAD; 50 mm in bicuspid aortic  Excluded as aortic aneurysm was included as part of composite 
 valve; Turner syndrome ASI .25 mm/m2 ; Tetralogy of Fallot 50 mm)    outcome
Vascular Ehlers-Danlos Q79.63 (only added in late 2019)
Severe (re)coarctation Excluded (see above in class II)
Fontan circulation with any complication  Same as above for uncomplicated Fontan circulation

† Specific ICD-10 code not available.



appendix 2.
CDC Severe Maternal Morbidity Criteria

SMM Indicator
Acute myocardial infarction Sepsis
Aneurysm Shock
Acute renal failure Sickle cell disease with crisis
Adult respiratory distress syndrome Air and thrombotic embolism 
Amniotic fluid embolism Blood products transfusion
Cardiac arrest/ventricular fibrillation Hysterectomy
Conversion of cardiac rhythm  Tracheostomy
Disseminated intravascular coagulation  Ventilation
Eclampsia
Heart failure/arrest during surgery  Cardiac SMM
Puerperal cerebrovascular disorders Acute myocardial infarction
Pulmonary edema/acute heart failure Cardiac arrest
Severe anesthesia complications Need for cardioversion
  Acute heart failure
  Pulmonary edema
  Shock
  Tracheostomy
  Ventilation

  Non-transfusion SMM

  SMM indicators minus blood products transfusion



appendix 3.
Facility Characteristics

   Modified WHO (mWHO) Cardiac Category
     P-value 
  No heart disease mWHO I–II mWHO II/III–IV  (difference across 
  (N = 106,043) (n = 369) (n = 366) categories)
   Median [25th-75th Percentile] or % 
Number of inpatient beds 457 [235, 843] 730 [395, 877] 769 [457, 909] < .001
Annual number of births 3315 [1209, 5107] 3832 [2142, 5107] 3913 [2705, 5306] < .001
Facility delivered < 1000 births during 2019 21,131 (19.9) 38 (10.3) 36 (9.8) < .001
Cardiac hospital (CTS, CCU, ECMO, IABP) 53,391 (50.3) 259 (70.2) 279 (76.2) < .001
Hospital performs ECMO 53,391 (50.3) 259 (70.2) 279 (76.2) < .001
Hospital performs IABP 77,039 (72.6) 312 (84.6) 311 (85.0) < .001
Hospital with CCU 79,840 (75.3) 323 (87.5) 327 (89.3) < .001
Hospital performs cardiac surgery 75,061 (70.8) 307 (83.2) 313 (85.5) < .001
Distance from patient ZIP to delivery hospital (miles) 7.7 [3.7, 15.8] 11.1 [5.4, 22.0] 13.9 [6.4, 27.8] < .001


