JOURNAL OF THE AMERICAN COLLEGE OF CARDIOLOGY

VOL. 71, NO. 21, 2018

ª 2018 BY THE AMERICAN COLLEGE OF CARDIOLOGY FOUNDATION
PUBLISHED BY ELSEVIER

Pregnancy Outcomes in Women
With Heart Disease
The CARPREG II Study
Candice K. Silversides, MD, MS,a,b Jasmine Grewal, MD,c Jennifer Mason, RN,a,b Mathew Sermer, MD,a,b
Marla Kiess, MD,c Valerie Rychel, MD,d Rachel M. Wald, MD,a,b Jack M. Colman, MD,a,b
Samuel C. Siu, MD, SM, MBAa,b,e
ABSTRACT
BACKGROUND Identifying women at high risk is an important aspect of care for women with heart disease.
OBJECTIVES This study sought to: 1) examine cardiac complications during pregnancy and their temporal trends; and
2) derive a risk stratiﬁcation index.
METHODS We prospectively enrolled consecutive pregnant women with heart disease and determined their cardiac
outcomes during pregnancy. Temporal trends in complications were examined. A multivariate analysis was performed to
identify predictors of cardiac complications and these were incorporated into a new risk index.
RESULTS In total, 1,938 pregnancies were included. Cardiac complications occurred in 16% of pregnancies and were
primarily related to arrhythmias and heart failure. Although the overall rates of cardiac complications during pregnancy
did not change over the years, the frequency of pulmonary edema decreased (8% from 1994 to 2001 vs. 4% from 2001
to 2014; p value ¼ 0.012). Ten predictors of maternal cardiac complications were identiﬁed: 5 general predictors (prior
cardiac events or arrhythmias, poor functional class or cyanosis, high-risk valve disease/left ventricular outﬂow tract
obstruction, systemic ventricular dysfunction, no prior cardiac interventions); 4 lesion-speciﬁc predictors (mechanical
valves, high-risk aortopathies, pulmonary hypertension, coronary artery disease); and 1 delivery of care predictor (late
pregnancy assessment). These 10 predictors were incorporated into a new risk index (CARPREG II [Cardiac Disease in
Pregnancy Study]).
CONCLUSIONS Pregnancy in women with heart disease continues to be associated with signiﬁcant morbidity,
although mortality is rare. Prediction of maternal cardiac complications in women with heart disease is enhanced
by integration of general, lesion-speciﬁc, and delivery of care variables. (J Am Coll Cardiol 2018;71:2419–30)
© 2018 by the American College of Cardiology Foundation.
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ABBREVIATIONS

HARtAfwijking [Pregnancy in Women With

New York Heart Association (NYHA) functional class,

AND ACRONYMS

Congenital Heart Disease]) risk score was a

maternal cyanosis conﬁrmed by oximetry, cardiac

weighted risk score that included components

rhythm, ventricular systolic function, valvular func-

of the CARPREG risk index (9). The consensus-

tion, and right ventricular systolic pressure. Systemic

based modiﬁed World Health Organization

ventricular ejection fraction was calculated using

CI = conﬁdence interval
HF = heart failure
LVOT = left ventricular

(mWHO) classiﬁcation was proposed to be a

validated methods (16). For systemic right ventricles,

more

stratiﬁcation

ejection fraction was visually estimated. Right ven-

method (5,11,12). However, pregnancy risk

tricular systolic function was visually evaluated as

assessment is likely more complex than cur-

normal or impaired. Valvular area and gradients and

Association

rent models that only utilize general or

severity of valvular regurgitation were measured us-

WHO = World Health

lesion-speciﬁc predictors. A prediction model

ing standardized criteria (17,18).

Organization

incorporating speciﬁc cardiac diagnosis, gen-

RISK CLASSIFICATION. For comparison of risk index

eral cardiac variables, and factors related to process

models, all pregnancies were classiﬁed according to

of care has not been developed.

their CARPREG score, ZAHARA score, and mWHO risk

outﬂow tract

mWHO = modiﬁed World
Health Organization

NYHA = New York Heart

comprehensive

risk

category (Online Table 1) (6,9,12). The CARPREG risk
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score consists of 4 predictors and increasing number
At the same time that risk scores were increasingly

of predictors corresponds to increasing risk of

incorporated into clinical practice, specialized multi-

maternal cardiac complications during pregnancy.

disciplinary clinics to coordinate the care of this

The ZAHARA is a weighted risk score and the sum of

population were established (13–15). Whether appli-

the points corresponds to an estimated risk of adverse

cation of risk scores and the establishment of

events. The mWHO classiﬁcation provided a range of

specialized clinics have had an impact on maternal

risk estimates from class I (no increase in maternal

cardiac outcomes has not been examined. Therefore,

mortality and no/mild increase in morbidity) to class

our objectives were to: 1) examine cardiac complica-

IV (extremely high risk of maternal mortality or se-

tions during pregnancy, including less common

vere morbidity). As no risk estimates were published

complications,

and

with the original mWHO risk classiﬁcation, we uti-

2) derive a comprehensive risk stratiﬁcation index

lized results of a subsequent study that reported

that would include clinical and echocardiographic

event rates both for their entire study population as

variables, the speciﬁc anatomic cardiac lesion, and

well as for advanced countries (11).

and

their

temporal

trends;

variables related to delivery of care.

CARDIAC

OUTCOMES. Adverse

maternal

cardiac

METHODS

outcomes during antepartum, peripartum, and post-

STUDY POPULATION. This study cohort consisted of

postpartum month and veriﬁed by review of health

consecutive pregnancies in women with heart disease

records. Primary cardiac outcomes were deﬁned as

receiving care at 2 large Canadian tertiary care hos-

any of the following: maternal cardiac death; cardiac

pitals.

arrest; sustained arrhythmia requiring treatment;

Women

partum periods were recorded up until the sixth

with

congenital

heart

disease,

acquired heart disease, or arrhythmias receiving

left-sided heart failure (HF) deﬁned as pulmonary

ongoing care or referred for consultation in the Tor-

edema; right-sided HF; stroke or transient ischemic

onto (since 1994) and Vancouver (since 2005) preg-

attack; cardiac thromboembolism; myocardial infarc-

nancy programs were prospectively recruited. The

tion; and vascular dissection (6). Secondary outcomes

inclusion criteria and study protocol are based on the

were classiﬁed as a decline in NYHA functional class

CARPREG study and have been described previously

by $2 classes during the antepartum period or the

(6). The local research ethics board approved the

need for

study.

surgery during pregnancy and up to the sixth post-

urgent invasive

treatment

procedure/

All women underwent cardiac assessment at

partum week; this cutoff of 6 weeks postpartum was

baseline and were then followed serially throughout

set to exclude elective procedures that were deferred

pregnancy and until 6 months postpartum. Pregnan-

due to pregnancy.

cies in women who underwent termination or had a

DATA ANALYSIS. Analyses were performed using

miscarriage (fetal death at <20 weeks gestation) were

SPSS version 22.0 (Windows, IBM Corp., Armonk,

excluded. Baseline clinical, electrocardiographic, and

New York). Data are represented as mean  SD or as

echocardiographic variables were collected at the

proportions. Based on prior studies, the following

time of the ﬁrst antenatal visit and included maternal

high-risk groups were used in the analysis: at least

age, parity, cardiac lesion, prior cardiac intervention,

mild

reduction

in

systemic

ventricular

systolic
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function (ejection fraction <55%), high-risk valve
lesions/left ventricular outﬂow tract (LVOT) obstruction (aortic valve area <1.5 cm 2, subaortic gradient
>30 mm Hg, mitral valve area <2 cm, or moderate to

T A B L E 1 Baseline Characteristics

Pregnancies

1,938

Clinical assessment

severe mitral regurgitation), mechanical valves, pul-

Maternal age 18–35 yrs (30.6  5.6 yrs,
range 14 to 45 yrs)

monary

Nulliparous

989 (51.0)

Body mass index, kg/m2 (n ¼ 1,685)

25.0  5.9
12.9–61.2

hypertension

(right

ventricular

systolic

pressure $50 mm Hg in the absence of right ventricular outﬂow obstruction), high-risk aortopathy (Marfan

syndrome,

bicuspid

aortopathy

with

aortic

Twins or triplets

1,530 (79.0)

52 (2.7)

dimension >45 mm, Loeys-Dietz syndrome, vascular

Late pregnancy assessment (ﬁrst antenatal visit
after 20 weeks gestation)

Ehlers-Danlos syndrome, or prior aortic dissection or

Smoking

145 (7.5)

pseudoaneurysm),

Prior hypertension, gestational hypertension,
or diabetes mellitus

112 (5.8)

Prior cardiac events (HF, stroke, or transient
ischemic attack)* or arrhythmia

531 (27.4)

(deﬁned

as

and

coronary

angiographically

artery

proven

disease
coronary

obstruction or past myocardial infarction) (1,2,6,9,19).
No prior cardiac interventions included women who
had not had any of the following interventions: cardiac

repair

of

congenital

lesions;

valvular

re-

placements or repairs; or percutaneous or operative
treatment of arrhythmias. Primary and secondary
maternal cardiac events were calculated separately.
The frequency of primary cardiac events was strati-

NYHA functional class III/IV or cyanosis at baseline
Cardiac medications at ﬁrst antenatal visit
Diuretic
Beta-blocker or antiarrhythmic drugs

676 (34.9)

47 (2.4)
361 (18.6)
35 (1.8)
304 (15.7)

Digoxin

42 (2.2)

Anticoagulation

90 (4.6)

No prior cardiac intervention

909 (46.9)

Cardiac diagnosis

ﬁed according to CARPREG scores and mWHO risk

Congenital heart disease

1,235 (63.7)

categories.

Acquired heart disease

443 (22.9)

Isolated cardiac arrhythmias

260 (13.4)

Time trends in primary maternal cardiac events in
the Toronto cohort were examined before and after
2001. In 2001, the CARPREG study results were
incorporated into risk stratiﬁcation and the care of
pregnant women with heart disease was consolidated
at the Toronto site; therefore, 2001 was chosen as a

High-risk cardiac lesions
High-risk left-sided valve disease/LVOT
obstruction

294 (15.2)

At least mild systemic ventricular
systolic dysfunction

263 (13.6)

Pulmonary hypertension

58 (3.0)

High-risk aortopathy

52 (2.7)

breakpoint at which began a period of potential

Mechanical heart valve

43 (2.2)

improvement in clinical care. Differences in baseline

Coronary artery disease

38 (2.0)

characteristics and outcomes between women who
delivered prior to 2001 compared with those who

Values are n, n (%), mean  SD, or range. *In those women who underwent cardiac
surgery, only cardiac events after their cardiac surgery were considered.

delivered after 2001 were examined using chi-square,

HF ¼ heart failure; LVOT ¼ left ventricular outﬂow tract; NYHA ¼ New York
Heart Association.

Fisher exact, or Student’s t-tests. For those cardiac
complications in which there was a signiﬁcant difference in event rates between the 2 time periods,
inverse probability of treatment weighting was utilized to conﬁrm that the differences in event rates
were propensity adjusted for temporal differences in

T A B L E 2 Incidence of Adverse Cardiac Event Rates During

baseline characteristics (20) (Online Table 2).

Pregnancy (N ¼ 1,938)

To determine predictors of primary cardiac events,

Any maternal cardiac events

307 (15.8)

the total study group was randomly divided into a

Maternal cardiac death

6 (0.3)

derivation set and validation set corresponding to

Maternal cardiac arrest

8 (0.4)

66% and 34% of the entire group. Analyses to deter-

Arrhythmias

181 (9.3)

Any left- or right-sided HF

120 (6.2)

mine predictors were performed only in the derivation group. Candidate variables included baseline

Left-sided HF

106 (5.5)

Right-sided HF

19 (1.0)

demographics, general, and lesion-speciﬁc charac-

Stroke

13 (0.7)

teristics, as well as the components of CARPREG,

Myocardial infarction

8 (0.4)

ZAHARA, and mWHO classiﬁcation systems. Univari-

Dissection

7 (0.4)

ate analysis to identify predictors of adverse events

Cardiac thromboembolism

6 (0.3)

was performed using chi-square, Fisher exact, or
Student’s t-tests as appropriate. Univariate predictors
of adverse events with p valves of <0.1 were entered

Values are n (%). Events are not mutually exclusive.
HF ¼ heart failure.
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T A B L E 3 Pregnancies Complicated by Cardiac Death and/or Cardiac Arrest

Description of the Event

Timing of Event

Outcomes

Pregnancy termination or fetal death at <20 weeks
HCM; history of atrial arrhythmia and ICD

Cardiac arrest

17-week gestation age

Rastelli procedure; history of arrhythmia

Cardiac arrest

14-week gestation age

Death
Death

Cyanotic congenital heart disease

Fatal pulmonary hemorrhage

3 months after
termination of pregnancy

Death

Bicuspid aortic valve post Bentall procedure;
mechanical aortic valve

SVT followed by cardiac arrest

26 weeks gestation

Death, thrombus on aortic
prosthesis on autopsy

Congenitally corrected transposition;
history of arrhythmias

SVT postpartum cardiac arrest

First postpartum week

Death

Severe secondary pulmonary hypertension
from systemic lupus erythematosus

Progressive right HF, cardiac arrest

First postpartum week

Death

Congenitally corrected transposition; severe systemic
atrioventricular regurgitation; pulmonary hypertension

Spontaneous ventricular tachycardia
and then ventricular ﬁbrillation

Fourth postpartum month

Successfully resuscitated

Dilated cardiomyopathy; severe LV
systolic dysfunction

Ventricular ﬁbrillation arrest

First postpartum week

Successfully resuscitated

Resected subpulmonic stenosis with pacemaker
for bradyarrhythmia

At home death, presumably from a
cardiac cause

Fifth postpartum month

Death

Repaired atrioventricular defect; severe left
atrioventricular valvular regurgitation

Urgent surgery for refractory HF,
post-operative hemorrhage
from coagulopathy

7 weeks postpartum

Death

Dilated cardiomyopathy; moderate LV
systolic dysfunction

Cardiac arrest

36 weeks gestation

Successfully resuscitated

Combined aortic stenosis and insufﬁciency;
history of stroke

Cardiac arrest and pulseless electrical
activity documented

38 weeks gestation

Successful resuscitation after
caesarean delivery of live fetus

Complete transposition with Mustard procedure;
systemic ventricular systolic dysfunction

Stroke

Third postpartum month

Death

Dilated cardiomyopathy; moderately reduced LV
systolic function

Ventricular ﬁbrillation arrest

First week postpartum

Successfully resuscitated

Pregnancies that progressed beyond 20 weeks gestation

HCM ¼ hypertrophic cardiomyopathy; HF ¼ heart failure; ICD ¼ implantable cardioverter deﬁbrillator; LV ¼ left ventricle; SVT ¼ supraventricular tachycardia.

into a multivariate logistic regression model using

these, 94 pregnancies (5%) were excluded either

backward elimination with a level of signiﬁcance of

because of patient refusal (12 pregnancies), termina-

0.05. To maximize the likelihood of detecting lesion-

tion (40 pregnancies), or spontaneous abortion (42

speciﬁc predictors, variables that represent lesion-

pregnancies); 19 terminations were for cardiac in-

speciﬁc conditions or any mWHO component, not

dications. The study group comprised 1,938 preg-

closely correlated with the other demographic or

nancies that progressed beyond 20 weeks gestation,

general candidate variables, were also entered into

including 289 pregnancies (14%) that were enrolled in

this multivariate model. Highly correlated variables

the original CARPREG study. Table 1 shows the base-

were combined into a single variable.

line characteristics of the study cohort. Structural

The results of the multivariate model were con-

heart

disease

was

common

(86.6%),

of

which

verted into a point-based risk score (CARPREG II risk

congenital heart disease was the most common car-

index). The discriminative (C-statistic) and calibrative

diac diagnosis (63.7% of pregnancies). The CARPREG

(Hosmer-Lemeshow

the

risk score was 0 in 1,135 pregnancies (59%), 1 in 703

CARPREG II risk index were determined in the deri-

pregnancies (36%), and >1 in 100 pregnancies (5%).

vation group and then in the validation group. The

The mWHO class was I in 258 pregnancies (13%), II in

discriminative and calibrative accuracies of previ-

512 pregnancies (26%), II to III in 743 pregnancies

ously published risk classiﬁcation (original CARPREG,

(38%), III in 185 pregnancies (10%), and IV in 104

ZAHARA, and mWHO) in the validation group were

pregnancies (5%). In 136 pregnancies (7%) the mWHO

also determined.

class could not be determined because the cardiac

statistic)

accuracy

of

lesion was not included in the risk classiﬁcation.

RESULTS

Baseline echocardiograms were not performed in 8
pregnancies in women with cardiac arrhythmias, all

Between 1994 and 2014, 2,032 pregnancies in women

of whom were documented to have normal systemic

with heart disease were eligible for inclusion. Of

ventricular

systolic

function

and

no

valvular
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F I G U R E 1 Timing of Complications in Women Who Develop Arrhythmias or Congestive HF During Pregnancy

80
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Postpartum
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The x-axis shows the timing of presentation in women who develop arrhythmias (blue bars) or pulmonary edema (orange bars). The y-axis
shows the total number of adverse events. HF ¼ heart failure.

dysfunction prior to pregnancy. These 8 cases were

were 3 maternal cardiac deaths in the excluded group

assumed to have normal cardiac structure and func-

occurring in women with hypertrophic cardiomyop-

tion for the purpose of the analysis.

athy, repaired transposition of the great arteries,

ADVERSE CARDIAC EVENTS. In the study group,

and uncorrected cyanotic congenital lesion. Table 3

adverse maternal cardiac events occurred in 307

summarizes the circumstances of the pregnancies

pregnancies (16%) (Table 2). Maternal cardiac death or

complicated by cardiac death or cardiac arrest.

cardiac arrest was rare and occurred in 11 pregnancies

Compared with the study group, a higher proportion

(0.6%). Although the study group excluded preg-

of

nancies that did not progress beyond 20 weeks, there

20 weeks gestation were in women with NYHA

pregnancies

that

did

not

progress

beyond

F I G U R E 2 Incidence of Maternal Cardiac Events Within Each mWHO Risk Group and Stratiﬁed According to the CARPREG Risk Score

Percentage of Pregnancies

70%
60%
50%
40%
30%
20%
10%
0%
Unclassified mWHO Class mWHO Class mWHO Class mWHO Class mWHO Class
I
II-III
III
IV
II
CARPREG 0

CARPREG 1

CARPREG >1

The x-axis shows each modiﬁed World Health Organization (mWHO) class with the corresponding frequency of adverse primary maternal
cardiac events (y-axis). The overall maternal cardiac event rate during pregnancy for mWHO I, mWHO II, mWHO II to II, WHO III, and mWHO IV
was 3.1%, 21.7%, 12.8%, 21.1%, and 35.6%, respectively. There was a 12.5% event rate in pregnancies in which the mWHO class could not
be determined. Each of the mWHO classes is further stratiﬁed according to CARPREG risk scores: 0 (light blue), 1 (medium blue), and >1
(dark blue). CARPREG ¼ Cardiac Disease in Pregnancy Study.
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Percentage of Pregnancies

F I G U R E 3 Changes in the Incidence of Adverse Cardiac Events Over Time

(24 pregnancies) during pregnancy or the ﬁrst 6
postpartum weeks. A primary or secondary cardiac

16%

event occurred in 333 pregnancies (17%).

14%

TRENDS IN ADVERSE CARDIAC EVENTS OVER TIME.

12%

Time trends in the Toronto cohort (n ¼ 1,448) were
examined between 1994 and 2000 and 2001 and 2014.

10%

There were no signiﬁcant differences in the age dis-

8%

tribution, prior history of stroke or HF, comorbid

6%

conditions (diabetes mellitus, gestational hyperten-

4%

sion, or hypertension), or proportion of pregnancies

2%

in women with congenital heart disease between the
2 time periods. Compared with the earlier era, women

0%
Any Cardiac
Event

Arrhythmias

1994 - 2000

Pulmonary
Edema

Maternal Cardiac
Death

2001 - 2014

who underwent pregnancies in the later era were
more likely to be on cardiac medications (14% vs. 21%,
1994 to 2000 vs. 2001 to 2014; p ¼ 0.005) or underwent assessment <20 weeks gestation (64.8% vs.

Blue bars represent the incidence of cardiac complications during pregnancy in the years

75.0%, 1994 to 2000 vs. 2001 to 2014; p < 0.001). The

1994 to 2000, and the orange bars represent the incidence in the years 2001 to 2014.

proportion of high-risk pregnancies, characterized as
having CARPREG risk score >1 or mWHO class III or
IV, was not signiﬁcantly different between the 2 time

functional class III/IV or cyanotic (17% vs. 2%), sys-

periods (22.2% vs. 18.4%; 1994 to 2000 vs. 2001 to

temic ventricular dysfunction (27% vs. 14%), pulmo-

2014; p ¼ 0.11). Figure 3 shows the temporal changes

nary hypertension (10% vs. 3%), or mechanical valves

in event rates. Overall, there was no signiﬁcant dif-

(12% vs. 2%) (p < 0.005 excluded vs. included

ference in frequency of maternal cardiac complica-

pregnancies).
Overall, most complications occurred in the ante-

tions between the time periods (16% [n ¼ 66] of
pregnancies between 1994 and 2000 vs.15% [n ¼ 151]

partum period. In the 307 pregnancies with a

of pregnancies between 2001 and 2014; p ¼ 0.57).

maternal cardiac complication, at least 1 antepartum

Maternal cardiac deaths were uncommon in either

event occurred in 223 pregnancies (73%). Of the total
number of 383 cardiac events that occurred in these

time period (0.5% [n ¼ 2] of pregnancies between
1994 and 2000 vs. 0.3% [n ¼ 3] of pregnancies

307 pregnancies, 64% of cardiac events occurred

between 2001 and 2014; p ¼ 0.63). Arrhythmias

during the antepartum period, while the other events

occurred with similar frequency in the 2 time periods

occurred during labor and delivery (4%), or in the
postpartum months following discharge (32%). The

(8% [n ¼ 35] of pregnancies between 1994 and 2000
vs. 9% [n ¼ 98] of pregnancies between 2001 and

most common cardiac complications were arrhyth-

2014; p ¼ 0.62). However, the frequency of pulmo-

mias (9.3% of pregnancies) and HF (6.2% of preg-

nary edema during pregnancy decreased over time

nancies). Most arrhythmias occurred in the antenatal
period, whereas congestive HF more commonly

(8% [n ¼ 35] of pregnancies between 1994 and 2001
vs. 4% [n ¼ 44] of pregnancies between 2001 and

occurred in the third trimester or early postpartum

2014; propensity adjusted p ¼ 0.012). Whereas there

(Figure 1). Figure 2 shows the frequency of adverse

was no difference in the frequency of right HF

cardiac events according to the mWHO classiﬁcation
and stratiﬁed according to the patients’ CARPREG risk

(p ¼ 0.73), stroke (p ¼ 0.29), myocardial infarctions
(p ¼ 0.33), vascular dissection (p ¼ 0.56), or cardiac

score. The addition of CARPREG risk score informa-

thromboembolism (p ¼ 1.00) between the 2 time

tion further stratiﬁed risk within each mWHO class.

periods, in total these 5 types of nonfatal complica-

Importantly, within each mWHO class, there was a

tions occurred in 3 pregnancies (0.7%) and 16 preg-

wide range of cardiac event rates associated with in-

nancies (1.5%) during the 1994 to 2000 and 2001 to

dividual diagnosis groups. For example, in the 6

2014 periods, respectively.

diagnostic groups that composed mWHO class III, the

PREDICTORS

cardiac event rate ranged from 7.1% to 28.2%. Sec-

Results of univariate analysis are displayed in

ondary cardiac events occurred in 61 pregnancies

Table 4. On multivariate analysis, there were 10 in-

(3%) and comprised either deterioration of maternal

dependent predictors of primary maternal cardiac

functional status by $2 NYHA functional classes

events (Table 4). These 10 predictors are broadly

(39 pregnancies) or need for urgent interventions

grouped into 3 categories: 1) 5 general cardiac factors:

OF

ADVERSE

CARDIAC

EVENTS.
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T A B L E 4 Univariate and Multivariate Predictors of Adverse Cardiac Events

During Pregnancy

functional class III or IV or cyanosis, high-risk valve
Univariate Predictors

lesion/LVOT obstruction, at least mild systemic

No CV Events
(n ¼ 1,067)

CV Events
(n ¼ 202)

p Value

Maternal age <18 or >35 yrs

219 (20.5)

57 (28.2)

0.016

mechanical prosthesis, coronary artery disease, high-

Nulliparous

548 (51.4)

109 (54)

0.54

risk aortopathy, and pulmonary hypertension; and 3)

Body mass index $30 kg/m2

145/940 (15.4)

32/167 (19.2)

0.25

1 variable related to process of care: late pregnancy

Late pregnancy assessment (ﬁrst antenatal
visit after 20 weeks gestation)

363 (34.0)

90 (44.6)

0.005

ventricular systolic dysfunction, and absence of prior
cardiac interventions; 2) 4 lesion-speciﬁc variables:

assessment. These 10 variables included 2 predictors

Smoking

90 (8.4)

13 (6.4)

0.34

53 (5.0)

14 (6.9)

0.253

events or arrhythmia, NYHA functional class III or IV

Prior hypertension, gestational
hypertension, or diabetes mellitus

or cyanosis), and 2 modiﬁed CARPREG predictors

Prior cardiac events or arrhythmia

225 (21.1)

112 (55.4)

<0.001

(high-risk valve lesion/LVOT obstruction; at least

NYHA functional class III or IV
or cyanosis at baseline

17 (1.6)

15 (7.4)

<0.001

Cardiac medications at baseline

174 (16.3)

67 (33.2)

<0.001

35 (3.3)

18 (8.9)

<0.001

148 (13.9)

42 (20.8)

0.013

from the original CARPREG study (prior cardiac

mild systemic ventricular systolic dysfunction). The
remaining variables were not in the original CARPREG

Anticoagulation at baseline

risk score.

Signiﬁcant left-sided valve
disease/LVOT obstruction

CARPREG II RISK SCORE. Table 4 shows the 10 pre-

Mechanical valve

15 (1.4)

9 (4.5)

0.008

dictors and their weighted point score in the deri-

Coronary artery disease

20 (1.9)

8 (4.0)

0.071

vation group. The new risk index, the CARPREG II

High-risk aortopathy

27 (2.5)

6 (3.0)

0.64

risk index, is divided into 5 categories based on the

At least mild systemic ventricular
systolic dysfunction

125 (11.7)

53 (26.2)

<0.001
0.009

sum of the points for a given pregnancy: 0 to 1

Pulmonary arterial hypertension

25 (2.3)

12 (5.9)

498 (46.7)

113 (55.9)

0.017

Systemic right ventricle*

41 (3.8)

14 (6.9)

0.058

Peripartum cardiomyopathy with
residual LV dysfunction*

3 (0.3)

3 (3.5)

0.055

points (477 pregnancies); 2 points (222 pregnancies);

No prior cardiac interventions

3 points (204 pregnancies); 4 points (138 pregnancies); and >4 points (228 pregnancies) (Online Figure
1). The predicted risks for primary cardiac events
stratiﬁed according to point score were 0 to 1 points

Multivariate Predictors

(5%), 2 points (10%), 3 points (15%), 4 points (22%),

Beta Coefﬁcient
(SE)

OR
(95% CI)

p Value

Prior cardiac events or arrhythmia

1.8 (0.2)

5.9 (4.2–8.4)

<0.001

3

Baseline NYHA functional class III–IV
or cyanosis

1.6 (0.4)

4.9 (2.2–10.8)

<0.001

3

and >4 points (41%). The predicted and actual frequency of primary cardiac events in the derivation
and validation groups are shown in Figure 4. In the

Points

derivation group, the CARPREG II risk index had a

Mechanical valve

1.4 (0.5)

4.2 (1.6–10.9)

0.003

3

C-statistic of 0.77 (95% conﬁdence interval [CI]: 0.74

At least mild systemic ventricular
systolic dysfunction

0.8 (0.2)

2.3 (1.5–3.5)

<0.001

2

index had a C-statistic of 0.78 (95% CI: 0.73 to 0.83)

High-risk left-sided valve disease/LVOT
obstruction

0.7 (0.2)

2.1 (1.3–3.3)

0.001

2

compared with the original CARPREG risk index

Pulmonary hypertension

1.2 (0.4)

3.3 (1.5–7.2)

0.003

2

C-statistic of 0.74 (95% CI: 0.68 to 0.79), ZAHARA

Coronary artery disease

1.1 (0.5)

3.0 (1.1–7.6)

0.03

2
2

to 0.81). In the validation group, the CARPREG II risk

model C-statistic of 0.70 (95% CI: 0.65 to 0.76),

High-risk aortopathy

1.0 (0.5)

2.7 (1.1–7.3)

0.04

mWHO C-statistic for global data of 0.50 (95% CI:

No prior cardiac intervention

0.5 (0.2)

1.6 (1.1–2.3)

0.01

1

Late pregnancy assessment

0.5 (0.2)

1.6 (1.1–2.3)

0.009

1

0.43 to 0.57), and the C-statistic for mWHO risk index for advanced countries of 0.56 (95% CI: 0.50 to
0.62). The Hosmer-Lemeshow statistic was not statistically signiﬁcant (p ¼ 0.47 and p ¼ 0.49 for

Values are n (%) or n/N (%), unless otherwise indicated. *Candidate variables from the mWHO classiﬁcation
system that did not overlap with the other candidate variables.
CI ¼ conﬁdence interval; CV ¼ cardiovascular; OR ¼ odds ratio; other abbreviations as in Tables 1 and 3.

derivation and validation groups, respectively) for
the CARPREG II risk index, indicating no overall
signiﬁcant differences between predicted versus

advanced countries (p < 0.001) in the validation

actual frequency of adverse events across all risk

group (Online Figure 2).

groups. In contrast, the Hosmer-Lemeshow statistic

There was no change in the discriminative and

was statistically signiﬁcant, indicating signiﬁcant

calibrative accuracy of the CARPREG II risk index

differences between predicted and observed fre-

when only pregnancies during the post-2000 period

quency of events across risk groups, for the original

were included (n ¼ 523; C-statistics: 0.77; 95% CI: 0.72

CARPREG (p ¼ 0.004), ZAHARA (p < 0.001), mWHO

to 0.83; Hosmer-Lemeshow statistic p ¼ 0.83), when

risk index for global data (p < 0.001), and mWHO for

both primary and secondary cardiac events were

Silversides et al.
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F I G U R E 4 CARPREG II Risk Prediction Index: Incidence of Adverse Cardiac Events Stratiﬁed According to CARPREG II Risk Scores

Percentage of Pregnancies

45

PREDICTOR

40

Prior cardiac events or arrhythmias

35

Baseline NYHA III-IV or cyanosis

30
25
20
15
10
5
0
0-1

2
Predicted

3

4

Derivation

Validation

POINTS
3
3

Mechanical valve

3

Ventricular dysfunction

2

High risk left-sided valve disease/
left ventricular outflow tract obstruction

2

Pulmonary hypertension

2

Coronary artery disease

2

High risk aortopathy

2

No prior cardiac intervention

1

Late pregnancy assessment

1

>4

The CARPREG (Cardiac Disease in Pregnancy Study) II risk score is based on 10 predictors, shown in the box. Each predictor is assigned a weighted point score. The sum
of points represents the risk score. Risk scores are categorized into the 5 groups (x-axis). The predicted (light blue) and the observed frequency of primary cardiac
events in the derivation (medium blue) and validation (dark blue) groups are shown on the y axis. NYHA ¼ New York Heart Association.

analyzed (C-statistics: 0.77; 95% CI: 0.73 to 0.82;

new comprehensive CARPREG II risk index to predict

Hosmer-Lemeshow statistic p ¼ 0.63), or when preg-

maternal cardiac complications during pregnancy.

nancies that ended prior to 20 weeks gestation

Our prospective study design and consecutive

(n ¼ 82) were included (C-statistics: 0.78; 95% CI: 0.74

recruitment maximizes the ability to capture complete

to 0.82; Hosmer-Lemeshow statistic p ¼ 0.43). The

data on pregnancy outcomes from the antepartum

results were also unchanged when the 8 pregnancies

period until the postpartum months, as the cardio-

with missing echocardiographic data were excluded

vascular changes of pregnancy do not fully resolve

from analysis.

until the sixth postpartum month (21). This comprehensive study shows that whereas pregnancy in

DISCUSSION

women with heart disease is still associated with signiﬁcant morbidity, maternal cardiac mortality is rare.

This prospective study of a consecutive group of

However, cardiac mortality remains much higher than

pregnant women receiving state-of-the-art care at 2

that in the general obstetric population (22–25).

large Canadian obstetric centers contributes impor-

This study design allows for an accurate assess-

tant observations that are applicable to the clinical

ment of cardiac risks during pregnancy. Studies that

care of this expanding population. First, cardiac

are based on hospital admission or administrative

complications in pregnant women with heart disease

data capture complications at the time of hospital

remain common (16% of pregnancies) and are pri-

admission or delivery and may underestimate overall

marily related to maternal arrhythmias and HF

pregnancy risks because not all cardiac complications

(Central Illustration). Even in the lowest risk group,

will result in hospitalization (15,22,25,26). Risk esti-

there is approximately a 5% risk of complications.

mates also need to be interpreted in the context of the

Most complications occurred in the antenatal period,

study group’s access to care, as a multinational study

although speciﬁc complications, such as HF or ar-

demonstrated that maternal outcomes in pregnant

rhythmias, have distinct periods of risk. Although the

women with heart disease are better in developed

overall rates of cardiac complications during preg-

countries than in developing countries, even though

nancy have not changed over the years, the frequency

most patients were receiving care at tertiary care

of pulmonary edema has decreased over time.

centers (5). Our study population has universal access

Finally, process of care (i.e., late pregnancy assess-

to state-of-the-art care by multidisciplinary teams

ment) is an important factor of pregnancy outcomes.

with expertise in the management of high-risk preg-

This variable, along with general and lesion-speciﬁc

nancies, thereby minimizing the inﬂuence of access

maternal characteristics, can be incorporated into a

and practice variation on patient outcomes. The large
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C ENTR AL I LL U STRA T I ON Predictors of Adverse Events in Pregnant Women With Heart Disease

Silversides, C.K. et al. J Am Coll Cardiol. 2018;71(21):2419–30.

Determining cardiac risk in pregnant women with heart disease requires integration of risk score estimates, individual factors, and clinical judgment. The red arrows
show the variables in the CARPREG II risk score used to predict adverse cardiac events in pregnant women with heart disease. In addition to the variables in the
CARPREG II risk score, there may be other factors that impact outcomes for the individual patient. The blue arrow shows some of the other variables to consider when
estimating pregnancy risks.
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sample size allowed us to quantitate the risk of less

for the decreased frequency of pulmonary edema

common, but serious cardiac complications, in other

remain to be elucidated, this is not a unique obser-

words, maternal death and cardiac arrest. Impor-

vation as care at a specialized clinic is associated with

tantly, our study demonstrated that serious cardiac

improved outcomes in adults with complex congen-

events can occur anytime during pregnancy.

ital cardiac lesions (30).

As with most studies, we excluded pregnancies

Our study extends prior knowledge about risk

that did not progress beyond 20 weeks gestation.

stratiﬁcation of pregnant women with heart disease.

However, we observed a higher mortality (3.6%) in

The original CARPREG index was based on general

the small group of women who did not carry their

clinical and echocardiographic characteristics and can

pregnancy past 20 weeks gestation compared with

be broadly applied across a wide range of cardiac

the study group (0.3%). As pregnancies that did not

conditions. However, the original CARPREG index did

progress beyond 20 weeks have a higher proportion of

not incorporate emerging lesion-speciﬁc risk esti-

women with pulmonary hypertension, ventricular

mates. Subsequently, other groups have focused

dysfunction, or mechanical valves, women with these

more on incorporation of lesion-speciﬁc predictors in

high-risk lesions may be particularly vulnerable to the

their classiﬁcation systems (9–12,27). This study

hemodynamic

demonstrates that combining lesion-speciﬁc and

changes

of

early

pregnancy

and

require further study (5,9,10,27).

general factors provides better predictive accuracy

We found that the majority of cardiac complica-

than either approach alone. Compared with other

tions occurred in the antepartum period, followed by

published risk indices, including the original CAR-

the postpartum period, with the lowest frequency at

PREG score, CARPREG II risk index had the highest

the time of labor and delivery. Additionally, the

discriminative and calibrative accuracy in our study

timing of presentation for women with arrhythmia

group. Importantly, in the CARPREG II risk index,

complications differed when compared with the

clinical predictors such as history of prior cardiac

complications of women with HF. Cardiac arrhyth-

events and maternal functional class or cyanosis were

mias were more likely to present in the second

associated with a higher odds ratio and thereby

trimester, whereas HF was more likely to present in

assigned higher point values than the other pre-

the third trimester or postpartum, concordant with

dictors. This ﬁnding reinforces the foundational role

prior studies (28,29). The hemodynamic and hor-

of careful cardiovascular clinical assessment in risk

monal changes of pregnancy likely have different

stratifying pregnant women with heart disease. In

impacts in the presence of an arrhythmic substrate

addition to the variables identiﬁed in our risk score,

versus a structural cardiac abnormality. Although

there may be other factors that affect outcomes, and

physicians and patients are often concerned about

risk assessment for the individual patient will need to

cardiac complications at the time of delivery, this

integrate risk score estimates, known lesion-speciﬁc

study demonstrates that pregnant women with heart

information, and clinical judgment by an experi-

disease remain at risk before and beyond the peri-

enced physician. Finally, women who receive late

partum period. Therefore, antenatal and postpartum

pregnancy assessment had more frequent adverse

surveillance will need to be tailored accordingly.

cardiac outcomes during pregnancy, which may be

Outcome studies that do not follow patients beyond

attributed to delayed access to appropriate risk

the early postpartum period will underestimate the

stratiﬁcation, follow-up, and management plan.

frequency of complications.

Further studies are required to determine the patient

We documented a decrease in frequency of pul-

and provider factors responsible for delays in referral.

monary edema over time. This reduction cannot be

Nevertheless, this novel observation supports the

attributed merely to changing case mix, as the dif-

recommendation for early referral to a specialized

ference between the early and later era remained

center

even after propensity adjustment. The decrease in

recommendation for specialty assessment of all

frequency of pulmonary edema occurred after the

pregnant women with heart disease is reinforced by

integration of the CARPREG risk score in our man-

the 5% risk of cardiac complications in the lowest risk

agement approach in 2001, at the same time that the

group, concordant with prior studies (6,9,11,12).

for

assessment

during

pregnancy.

This

maternal cardiac clinic was formally established. The
decreasing event rates may have been secondary to

STUDY

better surveillance, early initiation of medication, or

size, some patients with uncommon and complex

LIMITATIONS. Despite

to the team approach to the care of women at risk for

lesions may be under-represented. For instance,

HF. Speciﬁc studies designed to improve outcomes in

Eisenmenger syndrome, which has a high maternal

this population are still needed. Whereas the reasons

morbidity

and

mortality,

our

was

large

not

sample

speciﬁcally
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addressed in our risk index. This again highlights the

of care affects maternal outcomes in pregnant women

importance of an experienced physician who can

with heart disease.

incorporate lesion-speciﬁc information and clinical
judgment into risk assessment. Whereas our risk in-
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CONCLUSIONS
Pregnancy in women with heart disease continues to
be associated with signiﬁcant morbidity, although
mortality is rare. Arrhythmia and HF are the most
common maternal cardiac complications, but there
has been a reduction in the frequency of pulmonary
edema over time. Prediction of maternal cardiac
complications in women with heart disease requires
integration of clinical information, echocardiographic
parameters, the speciﬁc maternal cardiac lesion, and
process of care variables. Careful cardiovascular
clinical assessment remains the foundation of risk
stratiﬁcation of pregnant women with heart disease.

PERSPECTIVES
COMPETENCY IN PATIENT CARE: The risk of maternal
mortality in pregnant women with heart disease is rare. However,
cardiac complications occur and the risk of complications can be
estimated by integrating general cardiac risk predictors, lesionspeciﬁc risk information, and factors related to process of care.
TRANSLATIONAL OUTLOOK: Additional studies are needed to
identify speciﬁc components of cardiovascular and obstetrical care
that improve outcomes for pregnant women with heart disease.

Future studies will need to understand how process
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