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Growing evidence indicates that women with a history of common pregnancy complications, including fetal
growth restriction and preterm delivery (often combined as low birth weight), hypertensive disorders of pregnancy,
and gestational diabetes, are at increased risk for cardiovascular disease later in life. The purpose of this paper
was to review the associations of parity and these 4 pregnancy complications with cardiovascular morbidity and
mortality; to review the role of cardiovascular risk factors before, during, and after pregnancy complications in
explaining these associations; and to explore the implications of this emerging science for new research and
policy. We systematically searched for relevant cohort and case-control studies in Medline through December
2012 and used citation searches for already published reviews to identify new studies. The findings of this review
suggest consistent and often strong associations of pregnancy complications with latent and future cardiovascular
disease. Many pregnancy complications appear to be preceded by subclinical vascular and metabolic dysfunc-
tion, suggesting that the complications may be useful markers of latent high-risk cardiovascular trajectories. With
further replication research, these findings would support the utility of these prevalent pregnancy complications in
identifying high-risk women for screening, prevention, and treatment of cardiovascular disease, the leading cause
of morbidity and mortality among women.
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Abbreviations: Cl, confidence interval; CVD, cardiovascular disease; GDM, gestational diabetes mellitus; HR, hazard ratio; LDL,

low density lipoprotein.

INTRODUCTION

It has long been understood that pregnancy complications
are important for the lifelong health of offspring but much less
appreciated that these complications also have key implica-
tions for the long-term health of the mother. An accumulating
body of research has shown that common pregnancy compli-
cations, including gestational diabetes mellitus (GDM), pre-
eclampsia, fetal growth restriction, and preterm delivery, predict
the future risk of chronic diseases in women, including car-
diovascular disease, diabetes, and breast cancer (1). We focus
this review on the implications of pregnancy history for car-
diovascular disease (CVD), a leading cause of female mor-
tality (2, 3).

Globally, 1 of 3 women dies from CVD (4, 5). We do aworse
job of recognizing and predicting CVD in women than in
men, in part because CVD presents itself differently between
the sexes (6, 7). This has important implications for the pre-
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vention of CVD. Primary prevention, if applied to high-risk
populations early enough to avert the cumulative damage of
chronic disease, can reduce CVD incidence (8—10). In response
to the growing appreciation that many preventive efforts start
too late to be effective, there has been a call for “primordial
prevention”— prevention of the major CVD risk factors them-
selves (11, 12). In this context, pregnancy complications have
the potential to be effective CVD risk “stress tests” to iden-
tify women who would most benefit from primordial or primary
prevention efforts to reduce CVD risk (13).

On average, more than 80% of women in high-income
countries bear atleast 1 child (14, 15), as do upwards of 90% of
women in most lower- and middle-income nations (16). A
high proportion of women will, in the course of their reproduc-
tive career, have a pregnancy complicated by GDM, a hyperten-
sive disorder of pregnancy, fetal growth restriction, macrosomia,
or preterm delivery. The prevalence of any one of these con-
ditions in any given pregnancy ranges from 2% to greater than
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12%. In 1 study from the United Kingdom, 36% of singleton
pregnancies were complicated by at least one of these factors
(17). In the US national Nurses’ Health Study 2, we estimate
that 29% of parous study participants have had one of the above
pregnancy complications. As reviewed below, each of these com-
plications has been associated with roughly a 2-fold increase
in the risk of CVD events. If 80% of women are parous and
30% of them have had a pregnancy complication predictive
of CVD, then roughly 20%—-30% of women are unwittingly
carrying a potent predictor of their future CVD risk.

The aim of this paper is to review the evidence for associ-
ations of parity and common pregnancy complications (low
birth weight, fetal growth restriction, preterm delivery, hyper-
tensive disorders of pregnancy, and GDM) with future CVD
risk. We first present the evidence for the associations of parity
and pregnancy complications with a woman’s future CVD risk.
Then we explore the physiological mechanisms that might
explain these associations. Finally, we discuss the implica-
tions of these findings for future research and for health-care
design and policy.

MATERIALS AND METHODS

We conducted Medline searches for English-language cohort
and case-control studies published in the peer-reviewed liter-
ature through December 2012 that included combinations of
the following terms: “parity”, “birth weight”, “birthweight”,
“fetal growth”, “preterm”, “GDM?”, “gestational hyperglyce-
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mia”, “macrosomia”, “preeclampsia”, “gestational hyper-
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tension”, “pregnancy-induced hypertension”, “hypertensive
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disorder of pregnancy”, “pregnancy complications”, “cardio-
vascular disease”, “coronary heart disease”, “coronary artery
disease”, and “stroke”. We did not restrict by country of origin.
The bibliographies of articles identified by the above search
were also searched for relevant articles, and we performed
citation searches on the retrieved articles as well as review arti-
cles. We included original papers as well as systematic reviews
and meta-analyses.

We presented figures for the association of each of the main
pregnancy complications with risk of maternal coronary heart
disease (where available) and CVD (where specific coronary
heart disease estimates were not available). Where possible,
we presented crude or age-adjusted estimates in the figures to
improve comparability across studies and to reflect this review’s
emphasis on disease prediction instead of etiology. In the case
of preeclampsia, 3 studies had provided only estimates strati-
fied by preeclampsia severity or timing, for which Bellamy
etal. (18) had provided global preeclampsia estimates in their
meta-analysis; for the sake of brevity and comparability across
studies, we presented the “Bellamy estimates” for these 3 studies
(19-21) in the figures.

ASSOCIATIONS OF PARITY AND PREGNANCY
COMPLICATIONS WITH CVD RISK IN MOTHERS

Parity and CVD

Most (22, 23), but not all (24), studies have found a posi-
tive association between parity (number of children) and
later CVD. In the largest study to date, the association was

examined in 1.3 million women with a median follow-up time
of 9.5 years (range, 0-24) by using Swedish registry data (25).
Parity was associated with CVD in a J-shaped fashion, with 2
births representing the nadir of risk. Compared with women
with 2 births, women with O and >5 births had multivariable-
adjusted hazard ratios of 1.11 (95% confidence interval (CI):
1.09, 1.14) and 1.57 (95% CI: 1.52, 1.64), respectively.

Desired family size may affect the shape of the parity—
CVD risk distribution in different societies. In Sweden, the
modal family size (2 children) coincides with the nadir of
maternal cardiovascular risk (25). This suggests that many
women who bore only 1 child suffered from secondary infertility,
first pregnancy complications that precluded further preg-
nancies, or severe neonatal outcomes that discouraged further
childbearing. To the extent that subfertility and severe preg-
nancy complications predict future CVD risk, they may explain
the low parity “hook™ of the J-shaped association of parity
and maternal CVD. The increase in CVD risk with increas-
ing parity after 2 children may be the result of different phe-
nomena. These include rival, but not mutually exclusive,
theories that 1) adverse physiological change accumulates
over pregnancies; 2) adverse lifestyle habits accrue with more
children; and/or 3) selection bias, in which women at higher
CVD risk opt for larger families. Thus, it is unclear whether
the association of higher parity with CVD risk is causal or
correlational.

Some insight into the association of parity with maternal
CVD risk may be gleaned by examining the association of
number of children with paternal CVD risk. Similar associa-
tions for mothers and fathers would suggest that the associa-
tion between parity and maternal CVD is not causal but is
more likely a result of confounding by socioeconomic posi-
tion and/or behaviors related to child rearing. Three reports
examined associations of number of children with CVD in
fathers. In general, men who have fathered the most children
appear to have small increased CVD risk, though this associ-
ation is not always statistically significant and is weaker than
the associations observed among mothers (26-28). Adjust-
ment for lifestyle factors tends to reduce the associations in
both mothers and fathers (27). These results suggest that the
association between high parity and CVD in later life may be
largely the result of socioeconomic position and/or behavioral
risk factors associated with child rearing that are shared by
both parents.

Common pregnancy complications and CVD in mothers

Offspring birth weight predicts maternal life span (29-33).
Figure 1 presents the findings from studies that have exam-
ined associations of offspring birth weight or fetal growth (a
function of birth weight and gestational length) with maternal
CVD risk (18, 21, 29-32, 34-39). One meta-analysis has
calculated that, for every standard deviation (roughly 500 g)
higher birth weight of the firstborn child, maternal CVD mor-
tality is decreased by 25% (31). It is unclear whether the inverse
association of offspring birth weight with mortality is con-
stant across the entire range of birth weight, as the association
of high birth weight with maternal CVD risk varies by study. In
some populations, the mothers of the largest infants (>4,000
or >4,500 g) have the lowest risks of CVD (30, 32), while
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Mean or
Median
Relative Risk Years of  Caption

First Author, Year (Reference No.) (95% ClI) Follow-up  Notes
Birth Weight

Davey-Smith,1997 (30) —— 1.23 (0.97,1.57) 15 a,b

Davey-Smith, 2000 (32) —_— 1.49 (1.21,1.84) 10 ab

Davey-Smith, 2000 (29) —— 1.30 (1.12,1.51) 34 ab

Smith, 2001 (34) —_— 2.20 (1.80, 2.80) 17 c,d

Davey-Smith, 2007 (31) —— 1.25 (1.14,1.37) 45 ae

Friedlander, 2007 (35) 2.11 (1.38,3.21) 34 e f
Fetal Growth

Davey-Smith, 2005 (38) —— 1.39 (1.23,1.57) 20 b, g

Wikstrém, 2005 (21) —_—— 1.80 (1.60, 2.30) 19-28 d, h

Lykke, 2010 (37) —_— 2.56 (2.19, 3.00) 15 b, h

Mongraw-Chaffin, 2010 (39) —_— 1.44 (1.03,2.03) 37 b,i

Bonamy, 2011 (36) —_— 2.13 (1.87,2.44) 12 ik

f T T 1
0.5 1.0 2.0 3.0 4.0
Relative Risk

Figure 1. Results from studies of offspring birth weight or fetal growth and relative risk of maternal cardiovascular disease. Caption notes: a, per
1-standard deviation lower birth weight; b, cardiovascular disease mortality; ¢, lowest birth weight quintile compared with all others; d, coronary
heart disease events; e, coronary heart disease mortality; f, birth weight <2,500 g compared with 1,500-3,999 g; g, per 1-standard deviation lower
birth weight, adjusted for gestational age; h, small for gestational age; i, intrauterine growth restriction; j, ~2 standard deviations below the mean
birth weight adjusted for gestational age; k, cardiovascular disease events. Cl, confidence interval.

in other populations there is an uptick in CVD risk for the
mothers of macrosomic newborns (31, 35, 36, 40). Given
the strong associations of macrosomia with GDM and later
type 2 diabetes (41), the presence and magnitude of the asso-
ciation of large birth weight with future CVD risk may depend
on the population prevalence of GDM and chronic diabetes
during pregnancy (in other words, the extent to which large
infant size is pathological). Indeed, the association of macro-
somia with CVD risk is attenuated by adjustment for GDM
(36), indicating that a substantial portion of the association
of macrosomia and CVD is explained by metabolic risk.

It is abundantly clear, however, that the 8% of deliveries
that are low birth weight (<2,500 g) are associated with twice
the maternal CVD incidence and mortality of other deliver-
ies (29-32). Associations of offspring birth weight with mater-
nal CVD are only modestly diminished by adjustment for
cigarette smoking and not affected by control for prepreg-
nancy body mass index (36, 38).

Birth weight is the product of fetal growth rate and gesta-
tional length. Fetal growth, represented as birth weight corrected
for gestational length, predicts maternal CVD risk (31, 36,
40), as does gestational length (reviewed below). In fact, the
coincidence of restricted fetal growth and prematurity yields
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a more than 3-fold increased CVD risk (36). The curvilinear
association of offspring birth weight with maternal CVD risk
observed in many populations may be the product of com-
peting pathological phenomena. At one end of the birth weight
spectrum, the association of macrosomia with maternal CVD
risk may be explained by underlying metabolic risk; at the
other end of the spectrum, the association of low birth weight
with maternal CVD risk may be driven by endothelial dys-
function and other pathologies associated with restricted fetal
growth and preterm birth.

First offspring birth weight also predicts paternal CVD,
although the magnitude of the positive association of offspring
birth weight with paternal CVD risk is less than a third of that
for the infant’s mother (31). The fact that the birth weight of
their first child predicts CVD events in both parents suggests
that shared lifestyle or environmental factors, such as ciga-
rette smoking, might influence both the growth of the fetus
and CVD risk in the parents and/or that pleiotropic genetic
variants affect both growth and CVD risk. Birth weight is
passed down through maternal and paternal lines (42), opening
the possibility that paternal CVD/fetal growth genes could
affect both the pregnancy outcome and long-term chronic
disease risk in the father (43). However, the stronger association
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in mothers than in fathers suggests either parent-specific
genomic imprinting or—as seems more parsimonious—that
maternal health during pregnancy affects fetal growth and is
a marker of her future CVD risk.

Preterm delivery (<37 weeks’ gestation) accounts for 6%—
12% of deliveries in the developed world (44). The hazard
ratios for CVD associated with total preterm delivery are depicted
in Figure 2 and are on the order of 1.3-2.6 for births with <37
completed weeks compared with term births (20, 21, 32, 34,
36-38, 45-49). There is a greater range of relative risk when
distinct preterm phenotypes are examined separately. Although
most preterm deliveries follow spontaneous labor or preterm
premature rupture of membranes, a significant and growing frac-
tion result from medically induced labor or cesarean section
without labor. The chief reasons for these medically indicated
deliveries include preeclampsia and fetal growth restriction,
both of which have been associated with increased maternal
CVD risk. In studies that have distinguished them, hyper-
tensive preterm deliveries consistently have a stronger asso-
ciation with maternal CVD outcomes than do normotensive
preterm deliveries, though the latter are still associated with
a 1.2- to 3-fold increased risk compared with term deliveries
(20, 46). In the 2 studies that have contrasted CVD risk among
mothers with spontaneous versus indicated preterm deliver-
ies (49, 50), indicated delivery was associated with higherrisks
of CVD mortality than was spontaneous preterm delivery.
Nevertheless, spontaneous preterm delivery (compared with

term delivery) was associated with doubling of CVD risk
(49, 50).

Unlike the associations of parity or birth weight with paternal
CVD risk, 2 studies (20, 38) have reported that preterm deliv-
ery is not associated with paternal risk of CVD, implying that
the association of preterm delivery with maternal CVD risk
is not the product of a high CVD risk lifestyle or genetic var-
iants shared between both parents and their offspring. Of rele-
vance, preterm birth risk appears to be passed only through the
maternal line (51). These observations suggest that maternal
intrauterine environment and health determine the risk of pre-
term delivery and explain its association with maternal CVD
risk, rather than shared lifestyle or environment of mother and
father.

Gestational diabetes mellitus is a common and growing preg-
nancy complication that affects as many as 5% of pregnan-
cies. It is well established that women with GDM are at increased
risk of developing diabetes later in life (52); between 3% and
70% of women with a history of GDM will develop type 2
diabetes within 3 decades of the pregnancy (53), with a meta-
analysis of 675,455 women finding a 7-fold increase in
risk of later type 2 diabetes (52). Type 2 diabetes is an impor-
tant CVD risk factor, having a markedly higher relative and
absolute association with CVD in women than it does in men
(54). Given these associations, it seems self-evident that a
history of GDM would be associated with increased CVD
risk. However, largely because of the fact that GDM screening

Mean or
Median
Relative Risk Years of  Caption
First Author, Year (Reference No.) (95% ClI) Follow-up  Notes
Davey-Smith, 2000 (32) 2.06 (1.22,3.47) 30 ab
Irgens, 2001 (20) > 295 (2.12,481) 13 c,.d
Smith, 2001 (34) 2.10 (1.50,3.00) 15-19 a, e
Davey-Smith, 2005 (38) —_— 2.45 (2.06,2.91) 20 ab
Wikstrom, 2005 (21) —_— 1.30 (1.10,1.50) 19-28 ae
Nardi, 2006 (47) 2.12 (1.19,3.78)  Unknown a,f
Catov, 2010 (46) - 1.36 (1.31,1.41) 28 ag
Lykke, 2010 (37) —— 149 (1.36,1.64) 14 e h
Bonamy, 2011 (36) —— 1.68 (1.50,1.88) 12 g.h
Hastie, 2011 (50) —— 1.58 (1.47,1.71) 22 ae
f T T 1
0.5 1.0 2.0 3.0 4.0
Relative Risk

Figure 2. Results from studies of preterm delivery and relative risk of maternal cardiovascular disease. Caption notes: a, <37 gestation weeks
compared with term; b, cardiovascular disease mortality; ¢, <37 weeks’ gestation length compared with term normotensive pregnancies; d, cardio-
vascular disease mortality, excluding stroke mortality; e, coronary heart disease events; f, myocardial infarction; g, cardiovascular disease events;
h, 32—-36 weeks’ gestation length compared with term. ClI, confidence interval.
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during pregnancy was neither routine nor standardized until
recent decades, there are few cohorts with long enough follow-
up of screened populations to detect CVD incidence or mor-
tality among women with a history of GDM (55, 56). These
are displayed in Figure 3. The only large population-based
study of this topic is a record linkage study conducted in
Ontario, Canada, with a median follow-up of 11.5 years (55).
In that study, a history of GDM was associated with a greater
risk of hospital admission for acute myocardial infarction, cor-
onary bypass, coronary angioplasty, stroke, or carotid endar-
terectomy (hazard ratio (HR) =1.71, 95% CI: 1.08, 2.69). Upon
adjustment for diabetes after pregnancy, the association was
attenuated toward the null (adjusted HR =1.13, 95% CI: 0.67,
1.89). A smaller, cross-sectional study found that women with
a history of GDM had a higher CVD risk than women without
a history of GDM (adjusted odds ratio = 1.85, 95% CI: 1.21,
2.82) and experienced CVD events 7 years earlier, on aver-
age (56).

Lesser degrees of antepartum hyperglycemia have also been
associated with an elevated risk of subsequent diabetes and
CVD. In the Ontario study, women with evidence of elevated
glycemia short of GDM criteria were at an increased risk
of diabetes (adjusted HR =2.56, 95% CI: 2.28,2.87) (57) and
CVD (adjusted HR = 1.19, 95% CI: 1.02, 1.39) (58) compared
with normoglycemic women.

Hypertensive disorders of pregnancy are common preg-
nancy complications that presage CVD. Preeclampsia, the
combination of hypertension and proteinuria, affects approx-
imately 2%-5% of pregnancies, with a predominance among
first pregnancies (17, 59). Estimates of the prevalence of ges-
tational hypertension, new-onset hypertension without pro-
teinuria, vary from 3% to 14% (17, 59, 60). Women with a
history of preeclampsia have roughly 4-fold higher incidence
of hypertension and 2-fold elevated risks of heart disease,
stroke, and venous thromboembolism (18, 61). Two system-
atic reviews, one of cohort studies (rn = 25) and the other of both
cohort (n=10) and case-control (n=15) studies, have both

First Author, Year
(Reference No.)

Carr, 2006 (56)

Shah, 2008 (55)

reported a doubling of risk for different measures of CVD com-
paring women with preeclampsia with normotensive women
over a median of 10-12 years of follow-up (18, 61). Figure 4
depicts therelative risk of coronary heartdisease and CVD out-
comes among mothers with a history of preeclampsia (19—
21, 34, 39, 62-67).

Publications from 3 cohort studies published since those
reviews give some insight into the onset and duration of CVD
risk following hypertensive disorders of pregnancy (34, 39,
62, 63). In a short-term follow-up of over 1,000,000 pregnan-
cies in Taiwan, women with preeclampsia/eclampsia were at
double the risk of major CVD from the third trimester of preg-
nancy up to 3 years postpartum, with particularly high unad-
justed relative risks for stroke (HR =21.0, 95% CI: 2.5, 174.0)
and myocardial infarction (HR =22.6, 95% CI: 8.7, 58.4) (62).
Although these results suggest a high relative risk immedi-
ately following hypertensive disorders of pregnancy, the con-
fidence intervals are wide and the absolute risk of CVD events
is very small at this age, so that this immediate risk is unlikely
to account for a large number of CVD events. The Child Health
and Development Study in California has provided some of
the longer follow-up; over 37 years after pregnancy, women
with a history of preeclampsia in any pregnancy had double
the risk of CVD death (adjusted HR =2.14, 95% CI: 1.29,
3.57) (39). This doubling of risk is consistent with studies with
shorter duration of follow-up. Consideration of the exponential
increase in the absolute numbers of CVD events with increasing
age suggests that the elevated risk of CVD among women with
a history of hypertensive disorders of pregnancy is not limited
to the early years postpartum.

Thus, studies repeatedly report a doubling of CVD risk
among women with a history of preeclampsia and suggest
lesser degrees of excess risk among women with a history of
gestational hypertension, despite the strong association of
gestational hypertension with development of chronic hyper-
tension (63). The combination of preterm delivery and pre-
eclampsia—a likely marker of the severity of preeclampsia—is

Mean or
Median
Relative Risk Years of Caption
(95% ClI) Follow-up  Notes
1.58 (1.00, 2.49) 30 a
1.71 (1.08, 2.69) 12 b

0.5 1.0 2.0
Relative Risk

3.0 4.0

Figure 3. Results from studies of gestational diabetes mellitus and relative risk of maternal cardiovascular disease. Caption notes: a, self-
reported coronary artery disease; b, cardiovascular disease events. Cl, confidence interval.
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Mean or
Median
Relative Risk Years of  Caption
First Author, Year (Reference No.) (95% Cl) Follow-up  Notes
Jonsdéttir, 1995 (67) * 1.90 (1.02, 3.52) Unknown a
Hannaford, 1997 (66) —_—— 1.65 (1.26,2.16) Up to 26 b
Irgens, 2001 (20) > 361 (0.76,17.18) 13 c,d
Smith, 2001 (34) e c— 2.10 (1.60, 2.60) 15-19 b
Kestenbaum, 2003 (19) 2.55 (1.70, 3.83) 8 c,d
Wilson, 2003 (64) 1.95 (0.90, 4.22) Unknown a
Funai, 2005 (65) 3.01 (2.18,4.33) 30 e
Wikstrém, 2005 (21) * 2.21 (1.56, 3.31) 19-28 b, d
Lykke, 2009 (63) — 1.82 (1.65,2.00) 15 b
Mongraw-Chaffin, 2010 (39) 2.73 (1.78,4.18) 37 e
Skjaerven, 2012 (68) —_— 1.90 (1.60,2.20) 25 e
[ T T T 1
0.5 1.0 2.0 3.0 4.0 4.5
Relative Risk

Figure 4. Results from studies of hypertensive disorders of pregnancy and relative risk of maternal cardiovascular disease. Caption notes: a,
coronary heart disease mortality; b, coronary heart disease events; c, cardiovascular disease events; d, composite estimate provided by the
Bellamy et al. review (18); e, cardiovascular disease mortality. A 2011 study by Lin et al. (62) reported a relative risk of 23.0 (95% confidence inter-
val: 5.1, 103.7) for cardiovascular disease events (except stroke) during pregnancy and up to 3 years after delivery. We omitted that study from the

figure so that we could keep the relative risk scale consistent across figures.

a particularly potent predictor of CVD risk. Compared with
normotensive term pregnancies, women delivering preterm
preeclamptic pregnancies have very high relative risks of
future CVD ranging from 2.5 to 9.5 (34, 39, 63, 68).

Recurrent pregnancy complications, last pregnancy
complications, and maternal CVD risk

Much of the above literature is based on first pregnancies,
precluding examination of the association of recurring preg-
nancy complications with CVD risk. There is evidence that
recurrent preeclampsia (63) and preterm delivery (45, 46) are
associated with a greater risk of CVD than a single compli-
cated pregnancy in multiparous women. Although the asso-
ciation of recurrent GDM with CVD risk has not been studied,
after a first GDM pregnancy, each subsequent GDM pregnancy
has been associated with a modestly increased risk of type 2
diabetes (adjusted HR = 1.16, 95% CI: 1.01, 1.34) and each
non-GDM pregnancy with a reduced risk of diabetes (adjusted
HR =0.34, 95% CI: 0.27, 0.41) (69). In fact, this highlights
an intriguing pattern that is emerging with respect to last births:
Having preeclampsia (68), preterm delivery (49), or GDM (69)
in the last pregnancy appears to be associated with especially
high risk of future CVD in mothers. Perhaps reflecting the same
phenomenon, women who have 1 preterm delivery and 1 term

delivery in their first 2 births appear to be at higher risk of coro-
nary heart disease if the preterm delivery was the second birth
(45, 46). This suggests that pregnancy complications severe
enough to contraindicate or discourage a subsequent pregnancy
may be particularly potent predictors of future CVD risk.

PHYSIOLOGICAL MECHANISMS LINKING PREGNANCY
COMPLICATIONS TO MATERNAL CVD RISK

Pathways that link pregnancy exposures to later life CVD
are not well understood. Considerable evidence supports the
existence of common predisposing factors for both preg-
nancy complications and CVD risk. There have been almost
no studies examining the alternative, that pregnancy compli-
cations might cause increased CVD risk. To address this
issue, we summarize evidence that compares CVD risk before,
during, and after pregnancies with and without complications.

Cardiovascular risk factors preceding pregnancy
complications

Subtle prepregnancy blood pressure elevation is evident
before many pregnancies complicated by preeclampsia and
fetal growth restriction. Chronic hypertension has a well estab-
lished relation to increased risk of preeclampsia (known as

Epidemiol Rev 2014;36:57-70
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“superimposed” preeclampsia). Even within the normoten-
sive range, there is a positive dose-response association of
prepregnancy systolic and/or diastolic blood pressure with
preeclampsia (70). Preexisting hypertension has also been
associated with growth restriction, especially in cases that were
also preterm (71). Risks for these complications also rise with
increasing maternal age, suggesting that the aging endothelium
may less successfully adapt to the profound vascular demands
of pregnancy.

Prepregnancy lipid concentrations are also associated with
pregnancy complications and offspring birth weight; the nature
of the association varies with the pregnancy outcome in ques-
tion. Lipid profiles consistent with elevated CVD risk, includ-
ing higher prepregnancy triglyceride levels, total cholesterol,
and lower high density lipoprotein cholesterol, have been
associated with preeclampsia and preterm delivery in the study
in Norway (70, 72).

The US Coronary Artery Risk Development in Young
Adults (CARDIA) Study found a curvilinear association of
prepregnancy cholesterol levels with risk of delivering preterm
(73). With respect to fetal growth, women with a more ath-
erogenic lipid profile may bear larger infants (74); this sug-
gests that the association of low birth weight—at least the
fetal growth component of low birth weight—with maternal
CVD risk may not operate via dyslipidemia.

Prepregnancy adiposity and glucose/insulin dysregulation
are strongly implicated in the etiology of GDM, based on the
observation that women with GDM tend to have family history
of type 2 diabetes and higher body mass index before preg-
nancy (75), as well as higher levels of glucose, insulin, and
lower levels of adiponectin before the onset of the midpreg-
nancy hyperglycemia that defines GDM (76-80). Higher
body mass index and family history of diabetes are also asso-
ciated with increased risk of preeclampsia (81, 82). The risk
of preeclampsia doubles with every 5-7 kg/m? increase in body
mass index before pregnancy (82).

Thus, subclinical elevations in the classic CVD risk fac-
tors of blood pressure, lipid levels, elevated body mass index,
and glucose/insulin dysregulation appear to predate both pre-
eclampsia and GDM. Less clear is the extent to which CVD
risk factors precede spontaneous preterm deliveries or fetal
growth restriction in normotensive pregnancies. To our know-
ledge, the roles of prepregnancy inflammatory and coagulation
factors have not been studied with respect to pregnancy com-
plications, despite the importance of these systems for both
reproduction and CVD risk (83).

Cardiovascular risk factors during pregnancy

Cardiovascular adaptation in normal pregnancy. In nor-
mal gestation, maternal blood volume increases progressively
from 6 to 8 weeks’ gestation, peaking at an increase of 45% by
32 weeks (84). Cardiac output increases by 30%—-50%, with
half of this increase occurring very early in gestation. Pulse
rate increases 17%, and there are striking alterations in renal
physiology. Although the insulin response to glucose is aug-
mented in early pregnancy, insulin resistance emerges in the
second half of pregnancy (85). In addition, cholesterol and
triglyceride profiles change after gestation week 9 to support
steroid synthesis and fetal growth (86). In uncomplicated preg-
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nancy, there is a tendency for low density lipoproteins (LDLs)
to shift across gestation from large, buoyant particles to smal-
ler, denser, and more atherogenic particles (87). Fat is accumu-
lated during the second trimester and then mobilized to support
the dramatic fetal growth of the third trimester (88).

Cardiovascular risk factors during pregnancy complica-
tions. Vascular and endothelial dysfunction is characteristic
of pregnancies complicated by preeclampsia or growth restric-
tion. Placental underperfusion is common, and there are ele-
vated markers of endothelial dysfunction in the maternal
circulation. Women with hypertensive disorders of pregnancy
demonstrate increased resistance in the uterine arteries (89,
90), vascular stiffness, and impaired endothelial response (91,
92). In addition, placental vascular lesions indicative of failed
spiral artery remodeling, ischemia, or hemorrhage have also
been reported in cases of both medically indicated and spon-
taneous preterm birth (93).

During pregnancy, lipid aberrations accompany several
pregnancy complications. Again, the direction of the associa-
tions appears to depend on the nature of the pregnancy com-
plication. The dylipidemias associated with atherosclerosis
(hypertriglyceridemia, hypercholesterolemia, elevated free
fatty acids, and excess oxidized LDLs) are frequently seen
during preeclampsia (94-97). There is also emerging evidence
to suggest that this atherogenic lipid profile is associated with
both spontaneous and indicated preterm births (98, 99). Sim-
ilarly, women with GDM exhibit elevations in triglycerides
and, less consistently, total cholesterol and LDLs during
pregnancy (100). On the other hand, low maternal total and
LDL cholesterol concentrations appear in the third trimester
in pregnancies complicated by fetal growth restriction (101).
Placental studies are conflicting, with some suggesting reduced
expression of lipoprotein receptors in placentas from fetal
growth restriction versus appropriate weight-for-gestational-
age births (102) and others suggesting overexpression of these
receptors (103). Fetal growth restriction studies are hampered
by nonstandard phenotyping, and thus findings may repre-
sent different levels of severity. Despite these limitations, these
data suggest that extremes of lipid concentrations are associ-
ated with adverse pregnancy outcomes. Longitudinal studies
are needed to better understand how the relative contribu-
tions of low or high cholesterol are related to failed or com-
pensatory lipid adaptation required to optimize fetal growth.

Metabolic dysregulation in pregnancy defines GDM and
is a strong risk factor for preeclampsia; there is considerable
overlap of the 2 conditions, with twice the rate of preeclamp-
siain diabetic versus nondiabetic pregnancies (104). However,
GDM has only amodest association with spontaneous preterm
birth (105). Higher early pregnancy body mass index is asso-
ciated with increased risk of hypertensive disorders of preg-
nancy and GDM (75, 82, 106) but with reduced risk of small
for gestational age and spontaneous preterm birth in most
studies (107).

Systemic inflammation during pregnancy may be impor-
tant in the pathogenesis of several pregnancy complications.
Elevated serum levels of C-reactive protein and/or leukocytes
have been detected in women who experience GDM, fetal growth
restriction, and both spontaneous and indicated preterm deliver-
ies (108—112). However, neither midgestation circulating levels
of C-reactive protein nor proinflammatory cytokines have
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proven to have prognostic value for specific pregnancy out-
comes (113, 114).

Normal pregnancy is a state of hypercoagulability, and com-
plications such as preeclampsia and preterm birth are charac-
terized by particularly high biomarkers of an activated fibrinolytic
cascade, as well as perhaps an impaired ability to mount this
response appropriately (115-117). It has been hypothesized
that aberrations in the cross-talk between inflammation and
the coagulation cascades could contribute to the pathophysi-
ology of these pregnancy complications (118).

Cardiovascular risk factors after pregnancy

Enduring cardiovascular impact of normal pregnancy. Most
of the cardiovascular adaptations to normal pregnancy resolve
in the postpartum period, although there are some detectable
and lasting pregnancy effects. Blood pressure is modestly
decreased in the postpartum period after a first uncompli-
cated pregnancy (119). However, other lingering effects are
not as salutary. Importantly, women retain, on average, 0.5—
5.0 kg of weight following each pregnancy (120, 121). Lac-
tation may help resolve the cardiometabolic adaptations and
fat accumulation associated with pregnancy (122—124).

The first birth may be a sentinel marker for complications
in later pregnancies and future CVD risk (125-127). Several
factors distinguish first births. First, longitudinal studies suggest
that the lasting blood pressure and lipid changes associated
with pregnancy occur after first, but not subsequent, births
(119). In addition, first births are at higher risk for the major
obstetric complications of preterm delivery, hypertensive dis-
orders of pregnancy, fetal growth restriction, and stillbirth.
Women with any of these complications are at higher risk in
subsequent pregnancies for recurrence of the same complica-
tion as well as the onset of other complications. Importantly,
complications during a first pregnancy impact the likelihood
of having a subsequent pregnancy. As noted above, compli-
cations in a last pregnancy appear to be associated with espe-
cially high relative risks of CVD events. Thus, health status
of the first and last pregnancies may be particularly telling of
future maternal health.

The cumulative effect of these adaptations and resolutions
and risks may contribute to the above-noted J-shaped associ-
ation between parity and maternal CVD risk, with lowest
risk for women who have delivered 2 infants. It is not clear
whether pregnancies exert a cumulative cardiovascular burden
with increasing parity, whether higher-order pregnancies at
more advanced maternal age exert more cardiovascular risk,
or whether women at high cardiovascular risk bear more
children.

Cardiovascular risk after pregnancy complications. The
association of vascular and endothelial dysfunction with preg-
nancy complications continues after delivery. Women with
preeclampsia have impaired endothelial function after preg-
nancy (128). This may also be true, although to a lesser extent,
of women who deliver small babies due to fetal growth
restriction or preterm delivery. For example, lower offspring
birth weight is associated with higher maternal blood pres-
sure in the years after pregnancy (129). Some (130), but not
all (131), studies report higher blood pressure and athero-
sclerotic carotid vessel remodeling among women who have

delivered a fetal growth restriction neonate. Although studies
are not unanimous (132, 133), women with a history of GDM
are more likely to have hypertension (134, 135), vascular
dysfunction (136), impaired endothelium-dependent vasodi-
latation (137), and higher carotid artery intima-media thick-
ness (138). These differences are not fully explained by the
higher body mass index typical of women with a history of
GDM.

Studies of lipid profiles after pregnancies complicated by
preeclampsia are consistent with increased atherogenesis risk,
including consistently reported higher total cholesterol, LDL
cholesterol, and triglycerides, although these differences are
not always statistically significant (17, 139—-145). Associa-
tions of reduced high density lipoprotein cholesterol after
preeclampsia have been reported by some (17, 140, 144, 145),
but not all (139, 141, 142), studies. One study has reported
dyslipidemia among women with a history of spontaneous
and indicated preterm births (131). Some (133-135, 146),
but not all (17, 136), have reported elevated total cholesterol,
LDL cholesterol, and/or triglycerides in women with a history
of GDM. As with the studies of lipid concentrations before
and during pregnancy, studies of lipid concentrations in women
in the years after fetal growth restriction are conflicting, with
some reporting hyperlipidemia (147) and others reporting
no differences compared with women with uncomplicated
births (131).

It is now firmly established that women with a history of
GDM have a manifold higher risk of developing type 2 dia-
betes than women with normoglycemic pregnancies (52). It
is less widely appreciated that women with a history of pre-
eclampsia are also at high risk of type 2 diabetes. After pre-
eclampsia, mothers are 3 times more likely to develop diabetes
within 16 years (63), an observation bolstered by evidence
of dysregulated glucose and insulin, as well as insulin resist-
ance as early as 2 years after preeclamptic pregnancy (17,
139, 140, 142, 145, 148). However, not all pregnancy com-
plications are associated with risk of future metabolic disor-
der: In the Nurses’ Health Study 2, although the 2% of women
who delivered a very preterm infant (<32 weeks’ gestation)
had a 35% higher risk of developing type 2 diabetes, moder-
ate preterm delivery was not associated with increased dia-
betes risk (149).

After pregnancy, plasma C-reactive protein is elevated
among women with prior preeclampsia and indicated preterm
births, suggesting that systemic low grade inflammation may
link some adverse pregnancy outcomes and later CVD (150,
151). Several studies have documented higher C-reactive
protein levels among women with a history of GDM (136,
146, 152). Although inflammation seems a likely culprit to
explain the association of spontaneous preterm delivery with
CVD risk, the only study to date that has examined this ques-
tion has reported no differences in plasma C-reactive protein
levels of women with a history of spontaneous preterm deliv-
ery compared with term delivery (150).

Women with a history of pregnancies complicated by pre-
eclampsia may maintain a procoagulation state in the years
after pregnancy, predisposing them to vascular and throm-
botic events (153), although this pathway is less studied than
others linking pregnancy complications to maternal CVD
risk.
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Thus, the associations of pregnancy complications with
future CVD events in women are likely explained, at least in
part, by their associations with classic CVD risk factors of
hypertension, dyslipidemia, type 2 diabetes, and perhaps
inflammation and thrombosis, which are evident before, dur-
ing, and after such complicated pregnancies. The pregnancy
complications may serve as an early indication that a woman
is on a high CVD risk trajectory, before these classic CVD
risk factors are clinically detected.

IMPLICATIONS
Research implications

The bulk of the research associating pregnancy history
to CVD risk is derived from the linkage of large, often
national, vital statistics registries for birth, hospitalization, and
mortality statistics. These exercises have yielded consistent
associations of pregnancy complications with CVD risk. How-
ever, as most registries were founded in the 1950s or 1960s,
the longest running have been able to follow women only into
the early postmenopausal years. The data on GDM are further
limited by the lack of consistent methods for screening and
diagnosing GDM. Further follow-up will determine the extent
to which the associations of pregnancy complications are
maintained into the age range at which CVD events are most
common in women. In the meantime, the stratification of
risk by time since pregnancy is a helpful way to examine the
extent to which risk associated with pregnancy complications
changes over time (50). Although relative risk of CVD events
may weaken with time, the absolute risks associated with a
history of pregnancy complications are likely to grow with time
since pregnancy, as women age.

To understand the trajectory of CVD risk after pregnancy,
we need more studies to measure established CVD risk factors
among participants before, during, and after pregnancy. In
addition, we should incorporate pregnancy history data into
existing CVD cohorts with decades of follow-up. By illumi-
nating the timing with which particular CVD risk factors
emerge in the wake of specific pregnancy complications, we
may be able to leverage the information contained by preg-
nancy history to predict CVD risk earlier than by conven-
tional risk screening protocols.

We need to establish whether pregnancy complications and
history act as stress tests to unmask women who are already
at risk, or whether there is some additional causal stress of
the pregnancy experience itself. Irrespective of causality, a
key question is the extent to which pregnancy history can be
used to improve CVD risk-scoring systems for women, such
as the Framingham Risk Score. At present, these scoring sys-
tems are of debatable utility for women under the age of 70
years (154), and the addition of pregnancy complications to
prediction at these relatively younger ages may be particu-
larly important.

If these complications are useful for early CVD risk identifi-
cation, the next question is whether earlier risk identification—
as early as at the time of pregnancy—is a cost-effective way
of reducing future risk. We would need to test the extent to
which lifestyle or pharmacological prevention is effective at
preventing future CVD in young or middle-aged women
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with a history of pregnancy complications. Key to this is
identifying stages in the life course when women are (or are
not) receptive to CVD prevention, including the postpartum
year. It is also important to examine the extent to which stan-
dard CVD primordial and primary prevention is effective in
women with a history of pregnancy complications, or whether
new screening, prevention, and therapy protocols can be opti-
mized on the basis of a woman’s particular pregnancy history.

Taking all of this together, future research requires large
data sets that have prospectively collected accurate data on car-
diovascular risk factors before, during, and after pregnancy,
into middle age and beyond, when disease begins to emerge.
Data on pregnancy complications are also required. Only with
such detailed information can we determine the extent to which
specific pregnancy complications are related to future CVD,
over and above prepregnancy risk factors, and whether they
add to established risk factor scores calculated in middle age.
With large birth cohorts increasingly recognizing the impor-
tance of long-term follow-up of mothers as well as their infants,
the potential for this research is increasing. Ultimately, ran-
domized controlled trials will be necessary to establish whether
pregnancy advice and/or continued monitoring and early treat-
ment of women identified as at risk during pregnancy are cost-
effective ways of reducing CVD risk in women.

Methods for improving our understanding of whether preg-
nancy complications are causally related to later maternal
health need to go beyond conventional multivariable approaches
in prospective cohorts. For example, if it is found that genetic
variants associated with high blood pressure and glucose
intolerance/type 2 diabetes in general populations of men and
nonpregnant women are also associated with hypertensive
disorders of pregnancy and GDM, this would lend some sup-
port to the hypothesis of a common etiology and pregnancy
unmasking a preexisting (genetic) risk. There is some evidence
that several type 2 diabetes mellitus variants from genome-
wide association studies show robust associations with GDM
(155-158).

Although it is not feasible to randomize women to preg-
nancy complications, long-term follow-up of women who have
been in randomized controlled trials that have effectively
treated the pregnancy complication will also address some of
the research questions above. Finally, experimental induction
of pregnancy complications in animal models and following
the mothers after delivery to examine whether vascular damage
was sustained or metabolic risk increased are important for
examining the question of a pregnancy causal effect (159). How-
ever, the generalizability of the animal models depends on the
fidelity with which the human pregnancy complications, such
as preeclampsia, can be mimicked in other species, where they
may not occur naturally.

Implications for prenatal care and CVD prevention

The associations of pregnancy complications with CVD
events are remarkably consistent.

Although untested, the use of pregnancy complication
history to screen women for targeted CVD prevention has
potential to improve public health, given the magnitude of the
associations, the prevalence of the pregnancy complications,
and the importance of CVD in women. Several pregnancy
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complications are more common among racial minority
groups, who are also at higher risk of metabolic and cardio-
vascular disease. Pregnancy complications occur early enough
in a woman’s life course to offer a significant meaningful
“runway” for primordial CVD prevention by lifestyle inter-
vention and primary prevention by statins and antihyperten-
sive drugs. In 2011, both the American Heart Association and
the European Society of Cardiology included histories of
preeclampsia and (in the case of the American Heart Asso-
ciation) GDM as part of CVD risk assessment that would trigger
closer monitoring and control of CVD risk factors (7, 160).

We are just at the beginning of this research and clinical
agenda. First, we need to establish the clinical relevance of
pregnancy complications for maternal chronic disease risk
and our ability to change the health trajectories of women with
histories of complicated pregnancy; then we will have to con-
sider the many issues of integrating the findings into clinical
and public health systems. Some potential clinical implications
have been addressed elsewhere, including the need to link
prenatal with primary care medical records, development of
clinical screening, prevention and treatment protocols after
pregnancy complications, and increasing awareness among cli-
nicians of these associations that span typical clinical silos
between obstetrics and medicine (161).

CONCLUSION

The stress test of pregnancy provides glimpses into the
otherwise silent early adult years in which chronic disease tra-
jectories are set. Research to characterize the ways in which
pregnancy complications inform us about subclinical and clin-
ical vascular and metabolic risk in the mother is in its infancy.
This research requires integration across such diverse special-
ties including obstetrics, primary care, pediatrics, endocrinol-
ogy, and cardiology. This broader perspective may yield novel
insights into the determinants of pregnancy outcomes and life-
long health, perhaps creating a large shift in the ways in which
we promote the health of women and children.
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