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Abstract
Preterm delivery has been shown to be associated with a two-fold increased risk of
maternal cardiovascular disease (CVD). However, it is unknown whether this risk persists after
adjusting for pre-pregnancy lifestyle and CVD risk factors, including body mass index (BMI),
smoking, and family history of CVD. Similarly, the extent to which this increased risk of CVD is
accounted for by development of established CVD risk factors, and when these risk factors
emerge, after a preterm delivery has not been assessed. Additionally, there is no evidence on the
extent to which incorporating preterm delivery in CVD risk scores improves CVD risk
prediction. Thus, we use the Nurses’ Health Study II to investigate associations of preterm
delivery with CVD events and risk factors and the utility of including preterm delivery in CVD
risk prediction.
In Chapter 1, we evaluate the association between preterm delivery and CVD and the
proportion accounted for by postpartum development of CVD risk factors. Women who
delivered their first infant preterm had a 42% increased rate of CVD while those who delivered
before 32 weeks experienced a doubling of risk. Only a modest proportion (13.1%) of the very
preterm-CVD association was accounted for by development of traditional CVD risk factors.
In Chapter 2, we investigate associations between preterm delivery and CVD risk factors.
Preterm delivery in first birth was associated with an 11% increased rate of chronic hypertension,
ii

17% increased rate of type 2 diabetes mellitus, and 7% increased rate of hypercholesterolemia;
this was generally stronger in women who delivered very preterm and within the first 10 years
after delivery.
In Chapter 3, we test the utility of including preterm delivery and parity into CVD risk
prediction models. Incorporation of preterm delivery and parity improved model fit in 10- and
20-year models, but only resulted in small improvements in discrimination and net
reclassification of women with CVD events in 20-year models at age ≥30 years.
Together, these results suggest that preterm delivery may serve as a marker of women at
high-risk of CVD that can be used to target prevention and screening efforts, particularly when
women are young.
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ABSTRACT
Background: Preterm delivery has been shown to be associated with increased risk of
cardiovascular disease (CVD), but it is unknown whether this risk remains after adjustment for
pre-pregnancy lifestyle and CVD risk factors.
Methods: We examined the association between history of having delivered an infant preterm
(<37 weeks) and CVD in 70,182 parous women in the Nurses’ Health Study II. Multivariable
Cox proportional hazards models were used to estimate hazards ratios (HRs) and 95%
confidence intervals (CIs) for CVD events (myocardial infarction and stroke, n=949); we also
adjusted for intermediates to determine the proportion of the association between preterm and
CVD accounted for by postpartum development of CVD risk factors.
Results: After adjusting for age, race, parental education, and pre-pregnancy lifestyle and CVD
risk factors, preterm delivery in the first pregnancy was associated with an increased risk of CVD
(HR, 1.42; 95% CI, 1.16-1.72) compared to women with a term delivery (37 weeks) in the first
pregnancy. When preterm delivery was split into moderate preterm (32 to <37 weeks) and very
preterm (<32 weeks), the HRs were 1.22 (95% CI, 0.96-1.54) and 2.01 (95% CI, 1.47-2.75),
respectively. The increased rate of CVD in the very preterm group persisted even among women
whose first pregnancy was not complicated by hypertensive disorders of pregnancy (HR, 2.01;
95% CI, 1.38-2.93). In comparison with women with at least two pregnancies, all of which were
delivered at term, women with a preterm first birth and at least one later preterm birth had a HR
of CVD of 1.65 (95% CI, 1.20-2.28). The association between moderate preterm first birth and
CVD was accounted for in part by the development of postpartum chronic hypertension,
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hypercholesterolemia, type 2 diabetes mellitus, and changes in BMI (proportion accounted for,
14.5%; 95% CI, 4.0-41.1), as was the very preterm-CVD relationship (13.1%; 95% CI, 9.0-18.7).
Conclusion: Preterm delivery is independently predictive of CVD and may be useful for CVD
prevention efforts. Because only a modest proportion of the preterm-CVD association was
accounted for by development of conventional CVD risk factors, further research may identify
additional pathways.
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CLINICAL PERSPECTIVE
What Is New?


Prior studies show an association between preterm delivery and risk of maternal
cardiovascular disease (CVD), but these lack control for pre- and post-pregnancy factors
that may explain both a higher risk of preterm and CVD.



We report that women who deliver their first child preterm (<37 weeks) experience a
40% increased risk of CVD, while women with a very preterm first birth (<32 weeks)
have double the risk, after adjustment for pre-pregnancy cardio-metabolic risk factors.



Less than 25% of this increased risk is explained by hypertension, hypercholesterolemia,
type 2 diabetes mellitus, and changes in BMI developing after the first birth.

What Are the Clinical Implications?


Preterm delivery predicts CVD independent of traditional CVD risk factors in young and
middle-aged women.



This remains evident in pregnancies uncomplicated by preeclampsia and gestational
hypertension.



The American Heart Association has included preeclampsia and gestational diabetes as
CVD risk factors.



Our results suggest preterm delivery should be added to this list.

5

INTRODUCTION
Preterm delivery affects approximately 10% of pregnancies in the United States each
year.1 The 2011 effectiveness-based guidelines released by the American Heart Association for
the prevention of cardiovascular disease (CVD) in women included hypertensive disorders of
pregnancy (HDP; preeclampsia and gestational hypertension) and gestational diabetes as risk
factors for CVD.2 It has been hypothesized that pregnancy acts as a stress test that exposes
subclinical CVD risk under the physiologic stress of pregnancy; specifically, that pregnancy
complications, including preterm delivery, as well as HDP and gestational diabetes, provide a
warning sign of future CVD risk that could be useful in identifying high-risk women early in
adult life prior to the appearance of clinical risk factors.3-5
CVD remains the leading cause of morbidity and mortality in women.6 A growing body
of literature indicates that women who deliver preterm are at two-fold increased risk of future
CVD events.7-14 However, it is unknown whether this risk persists after accounting for prepregnancy lifestyle and CVD risk factors, because no studies examining this association have
collected data on multiple lifestyle risk factors, including pre-pregnancy smoking, physical
activity, diet, body mass index (BMI), and family history of CVD, which could explain both a
higher risk of preterm delivery and CVD. Furthermore, no study has examined the extent to
which the increased risk is accounted for by the development of CVD risk factors after a preterm
delivery.
We evaluated the association between preterm delivery and CVD (myocardial infarction
(MI) or stroke) and whether this association is accounted for by postpartum development of
traditional CVD risk factors (chronic hypertension, hypercholesterolemia, type 2 diabetes
mellitus (T2DM), and BMI).
6

METHODS
Population
The Nurses’ Health Study II (NHSII) is a longitudinal cohort of 116,429 U.S. registered
nurses aged 25 to 42 at baseline in 1989. Participants were followed by using biennial
questionnaires that collected data on diet, physical activity, smoking, medications, and
reproductive history, as well as incident disease since the last questionnaire. In 2001, a
supplemental questionnaire containing a pregnancy history assessment that recorded gestation
length, infant sex, and birthweight of each pregnancy lasting at least 12 weeks was mailed to
91,297 nurses. In 2009, a complete reproductive history questionnaire was mailed to all
participants to capture information on pregnancies of all lengths, including gestation length,
birthweight, and whether the pregnancy was complicated by ‘preeclampsia/toxemia’, ‘high blood
pressure’, or ‘gestational diabetes’. This study was approved by the Institutional Review Board
of Brigham and Women’s Hospital. Return of the questionnaire was considered informed
consent.
Gestation Length
Gestation length was assessed in categories on both the 2001 and the 2009
questionnaires. In 2009, the primary source of our exposure data, participants were asked the
length of each pregnancy in completed weeks within the following nine categories: <8, 8 to 11,
12 to 19, 20 to 27, 28 to 31, 32 to 36, 37 to 39, 40 to 42, and 43+ weeks. For women who did
not complete the 2009 reproductive wrap-up (n=10,644), data from the 2001 supplemental
questionnaire was used. The 2001 questionnaire queried the length of each pregnancy lasting at
least 12 weeks and collected information in the following seven categories: 12 to <20, 20 to <24,
24 to <28, 28 to <32, 32 to <37, 37 to 42, and 43+ weeks. For our primary analyses, which used
7

only the first pregnancy, gestation length categories were collapsed to create a dichotomous
exposure variable (term, 37 weeks; preterm, <37 weeks) and a categorical exposure variable
(term, 37 weeks; moderate preterm, 32 to <37 weeks; very preterm, <32 weeks). In secondary
analyses, the entire pregnancy history was taken into account by using ever preterm as an
exposure, and by classifying women based on their first birth (term or preterm) and all later
births (all term, at least one preterm, no future birth), yielding six exposure categories. All
analyses include only pregnancies that lasted at least 20 weeks.
We conducted a small validation study on a subset of NHSII participants who reported
pregnancy-related high blood pressure or toxemia/preeclampsia on the 1993 or 1995 biennial
questionnaires. We compared self-reported gestation length with gestation length from medical
records for 403 participants. For dichotomous preterm delivery (<37 weeks, 37 weeks), with a
prevalence of 31% in this sample, we found a sensitivity of 81% and specificity of 92%. When
categorizing preterm delivery into very preterm, moderate preterm, and term, the Spearman
correlation coefficient was 0.75, indicating good validity.
Cardiovascular Endpoint Assessment
On the 1989 baseline questionnaire, participants reported whether they ever had
physician-diagnosed MI, angina, stroke (cerebrovascular accident), or transient ischemic attack
(TIA). Any self-report of these conditions led to exclusion from the analyses, because these prebaseline events were not confirmed. On each subsequent biennial questionnaire through 2013,
participants were asked if they had experienced physician-diagnosed “myocardial infarction
(heart attack)” or “stroke (CVA) or TIA” in the past two years. Permission was requested from
participants or next of kin to obtain and review medical records following self-reported MI or
stroke on any follow-up questionnaire. MI was confirmed by World Health Organization criteria
8

of acute symptoms and diagnostic electrocardiographic changes or elevated cardiac enzyme
levels.15 Stroke was classified by the National Survey of Stroke criteria, requiring atypical
neurological deficit of rapid or sudden onset lasting ≥24 hours or until death attributable to a
vascular cause.16 Cerebrovascular pathology attributable to infection, trauma, or malignancy was
excluded, as were “silent” strokes discovered only by radiologic imaging. Cases confirmed by
medical record review were considered definite cases, whereas those acknowledged by the
participant or relative as correct, but for which permission for medical record release was not
provided or records could not be obtained, were considered probable. The endpoint for our
primary analyses was definite or probable MI or stroke. TIA was not included in the outcome.
Secondary analyses further included coronary revascularization, which was self-reported on
biennial questionnaires from 1995 through 2013.
Covariates
Covariates were identified as potential confounders on the basis of a priori assumptions
of their relationships with both preterm delivery and CVD. Family history and pre-pregnancy
factors included as confounders were age at first birth and in 1989 (continuous), race/ethnicity
(white, black, Latina, Asian, other), parental education (<9, 9-11, 12, 13-15, 16+ years), BMI
(<18.5, 18.5 to <25, 25 to <30, ≥30 kg/m2), smoking (never, past, current), diet (quintiles based
on the Alternative Healthy Eating Index-201017), alcohol use (none, 1 drink per week, 2-6
drinks per week, 1 drink per day), physical activity (never, 1-3, 4-6, 7-9, 10-12 months per year
of strenuous physical activity), duration of oral contraceptive use (none, <2, 2 to <4 , ≥4 years),
chronic hypertension, T2DM, hypercholesterolemia, and family history of MI or stroke. Prepregnancy factors were extracted from the biennial questionnaire immediately before the first
pregnancy. Because the majority of first pregnancies (82%) occurred before the NHSII baseline
9

in 1989, questions on the baseline (1989) and supplemental questionnaires that queried about
behavior in high school and at varying ages from 13 through 42 were used to assign prepregnancy values for women whose first birth occurred before 1989. Pre-pregnancy covariate
values were assigned using the information closest to, but preceding, a woman’s first delivery.
For the small amount of missing data in our covariates we used missing indicators. Prepregnancy lifestyle and cardiovascular risk factors were also evaluated as potential effect
modifiers of the relationship between preterm delivery and CVD, while cardiovascular risk
factors that developed after the first birth, including chronic hypertension, T2DM,
hypercholesterolemia, changes in BMI, and breastfeeding were assessed as intermediates. In
sensitivity analyses, parity (1, 2, 3, or 4+ pregnancies), self-reported clinician-diagnosed
depression (yes/no), and pregnancy-related trauma (“ever experienced complications of a
pregnancy or a labor and birth that you found traumatic”) were also investigated as possible
intermediates.
Exclusions
For the primary analysis, we excluded women who did not complete either the 2001 or
2009 questionnaires documenting reproductive history (n=28,945), were nulliparous in 2009
(n=15,556), were <18 (n=896) or >45 years of age (n=58) at first birth, or reported MI (n=288)
or stroke (n=176) on the 1989 baseline questionnaire, because these events were not confirmed.
Women who had a confirmed MI or stroke before their first pregnancy were excluded (n=4), as
were women with missing information on the gestation length (n=292) or year (n=32) of first
pregnancy, yielding 70,182 women in our final analytic sample.
When we evaluated chronic hypertension, hypercholesterolemia, T2DM, and BMI as
intermediates, we additionally excluded women who had pre-pregnancy chronic hypertension
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(n=754), T2DM (n=185), or hypercholesterolemia (n=2,147), because they were not able to
develop these postpartum. Women who reported any of these risk factors on the baseline
questionnaire in 1989, but did not provide a date of diagnosis were also excluded (n=1,188), as
were women who were missing BMI pre-pregnancy (n=3) or throughout all of follow-up
(n=558). This yielded a sample of 65,347 women.
Statistical Analysis
The characteristics of the study population were standardized to the age distribution of
our population and summarized by preterm delivery status in the first pregnancy (Table 1.1).18
We used multivariable Cox proportional hazards models to estimate hazard ratios (HRs) and
95% confidence intervals (CIs) for the association between preterm delivery and CVD events
(MI and stroke). Women entered the study at first birth and were followed until they experienced
one of the censoring events: confirmed MI/stroke, death, their last returned questionnaire, or
June 2013 (the end of our follow-up). Categorical preterm delivery in the first birth (term,
moderate preterm, very preterm) was modeled using indicator variables, as was preterm delivery
over multiple pregnancies.
To evaluate whether a woman’s entire pregnancy history with respect to preterm delivery
was associated with CVD, we created six categories on the basis of the first birth and all later
births (e.g., term-term, term-preterm, term-no later pregnancies, preterm-term, preterm-preterm,
preterm-no later pregnancies). For this recurrence analysis and the analysis of ever preterm,
follow-up began at 40 years of age when 97% of women had completed their reproductive
careers. We excluded women who had births at ≥40 years of age (n=2,491) and women with
CVD events before 40 years of age (n=46).
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Pre-pregnancy lifestyle risk factors were evaluated as effect modifiers by modeling
multiplicative interaction terms between the factor of interest and preterm delivery. Likelihood
ratio tests comparing the models with the interactions to models without the interactions
provided a global test of effect modification by each pre-pregnancy factor. All potential effect
modifiers were modeled as indicator variables except for BMI, which was modeled continuously
to increase power.
CVD risk factors that arose after pregnancy, including chronic hypertension,
hypercholesterolemia, T2DM, breastfeeding and updated BMI, were evaluated as potential
intermediate outcomes by fitting Cox proportional hazards models both with and without the
intermediates.19 Chronic hypertension, hypercholesterolemia, and T2DM were treated
individually as time dependent intermediates. Once an intermediate outcome was developed,
women were considered to have this risk factor for the remainder of follow-up. BMI and
breastfeeding were allowed to change multiple times over follow-up as women reported changes
in their weight and cumulative breastfeeding on follow-up questionnaires. BMI was allowed to
increase, decrease, or remain the same, whereas duration of breastfeeding could only increase
over time. Before utilizing the publicly available SAS %mediate macro,20, 21 we tested the
presence of interactions between each intermediate and preterm delivery by using likelihood
ratio tests of nested models with and without the interactions,19 and observed no exposureintermediate interactions (all P>0.25). To further ensure that the lack of interactions was not
attributable to insufficient power, we assessed the magnitude of the HRs for preterm delivery and
CVD within levels of each intermediate and confirmed that these exposure-intermediate
interactions were not present (e.g. HR of 1.51 and 1.39 in those with and without T2DM,
respectively). When we split the preterm category into moderate and very preterm, we found an
12

interaction with T2DM (P=0.01). This observed interaction was based on a small number of
cases in women with both moderate preterm and T2DM (5 cases) and very preterm and T2DM
(13 cases). We then calculated the proportion of the association between preterm delivery and
CVD that was accounted for by chronic hypertension, hypercholesterolemia, T2DM, and BMI
together and its 95% confidence interval using the publicly available SAS %mediate macro.20, 21
All analyses were conducted using SAS 9.4 (SAS Institute).
RESULTS
Table 1.1 summarizes characteristics of the participants by preterm delivery status in the
first pregnancy: term (37 weeks), moderate preterm (32 to <37 weeks), or very preterm (<32
weeks). Nearly 9% of participants delivered preterm in their first pregnancy; 2.1% delivered very
preterm, 6.7% delivered moderately preterm, and 91.2% delivered at term. Baseline
characteristics were largely similar across first pregnancy preterm delivery status, but women
who delivered either moderately or very preterm were slightly more likely to have a BMI ≥30
kg/m2, pre-pregnancy hypertension and hypercholesterolemia, and a family history of CVD.
Women who delivered very preterm in the first pregnancy were more likely to be current
smokers, experience a stillbirth in first pregnancy, and have higher final parity.
We followed women for up to 50 years (median, 32; range, 2-50) for incident CVD.
During 2,212,774 person-years, we observed 949 CVD events (n=497 MIs, n=455 strokes, total
n=952; 3 women experienced an MI and stroke at the same age), of which 584 were considered
definite and 365 were probable. In comparison with those reporting a term first birth, women
who had a preterm first birth had an increased rate of CVD (HR, 1.54; 95% CI, 1.27-1.87; Table
1.2, Model 1). This HR was slightly attenuated, but remained significant, after adjustment for
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Table 1.1: Baseline Characteristics of Nurses’ Health Study II Participants, by Preterm Delivery Status
in First Pregnancy

Term:

Very
Preterm:
<32 weeks

(n=64,004)
27.0 (4.7)
35.0 (4.7)
27.5
31.8
3.1
2.1
0.3
3.0

Moderate
Preterm:
≥32 to <37
weeks
(n=4,712)
27.8 (5.1)
34.6 (4.8)
25.8
29.6
3.4
3.7
1.2
4.3

10.5

17.4

10.6

28.1
11.3

27.9
11.6

26.0
13.0

20.2
19.3
92.9
25.5

20.4
20.1
90.9
28.1

16.9
23.5
91.0
28.0

67.5
10.0
21.8

68.4
9.2
21.7

66.4
9.7
23.3

27.8
5.8

29.5
6.2

28.4
5.9

25.3
29.4

24.9
33.0

21.6
31.4

16.4
49.1
25.6
8.9
0.4

22.1
47.7
22.4
7.8
1.6

20.3
30.2
31.8
17.7
47.8

≥37 weeks
Age at first birth, years, mean (SD)*
Age in 1989, years, mean (SD)*
Education of nurse’s mother, more than high school
Education of nurse’s father, more than high school
Pre-pregnancy BMI30
Pre-pregnancy chronic hypertension
Pre-pregnancy type 2 diabetes mellitus
Pre-pregnancy hypercholesterolemia
Hypertensive disorder or gestational diabetes in
first pregnancy
Strenuous physical activity, age 18-22 years
Never
10-12 months/year
Pre-pregnancy Alternative Healthy Eating Index
(AHEI)
Lowest Quintile (unhealthy)
Highest Quintile (healthy)
White
Family history of MI or stroke before age 60 years
Pre-pregnancy smoking
Never smoker
Past smoker
Current smoker
Pre-pregnancy alcohol intake
None
1 drink per day
Duration of oral contraceptive use
None
4 years
Final parity
1 pregnancy
2 pregnancies
3 pregnancies
4+ pregnancies
First pregnancy stillbirth

Percentages are presented unless otherwise indicated.
Values are standardized to the age distribution of the population.
Values of categorical variables may not sum to 100% due to rounding.
*
Value is not standardized to the age distribution.
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(n=1,466)
27.5 (5.6)
35.4 (4.6)
24.7
30.8
4.0
3.3
0.6
3.7

Table 1.2: Hazard Ratios (95% Confidence Intervals) for Preterm Delivery in First Pregnancy and Cardiovascular Events (Myocardial
Infarction and Stroke)
Term:
Preterm:
Moderate Preterm:
Very Preterm:
≥37 weeks
<37 weeks
≥32 to <37 weeks
<32 weeks
P-trend*
(n=64,004)
(n=6,178)
(n=4,712)
(n=1,466)
Cases/person-years
831/2,023,726
118/189,048
75/143,199
43/45,849
†
Model 1
1.00 (ref)
1.54 (1.27, 1.87)
------†
Model 2
1.00 (ref)
1.47 (1.21, 1.79)
------†
Model 3
1.00 (ref)
1.42 (1.16, 1.72)
------‡
1.30 (1.03, 1.65)
2.27 (1.67, 3.08)
<0.0001
Model 1
1.00 (ref)
--‡
1.27 (1.01, 1.61)
2.05 (1.50, 2.81)
<0.0001
Model 2
1.00 (ref)
--‡
1.22 (0.96, 1.54)
2.01 (1.47, 2.75)
<0.0001
Model 3
1.00 (ref)
--Model 1 is adjusted for age at first birth, age in 1989, race/ethnicity, and parental education.
Model 2 is additionally adjusted for pre-pregnancy body mass index, pre-pregnancy smoking, pre-pregnancy Alternative Healthy Eating Index
score (in quintiles), pre-pregnancy alcohol intake, physical activity at 18 years of age, and pre-pregnancy oral contraceptive use.
Model 3 is additionally adjusted for pre-pregnancy chronic hypertension, pre-pregnancy hypercholesterolemia, pre-pregnancy type 2 diabetes
mellitus, and family history of myocardial infarction or stroke before 60 years of age.
*
For trend test, the measure of prematurity was included model as a continuous variable with most common gestation length as the value to
represent each category.
†
Compares preterm (<37 weeks) with term (≥37 weeks).
‡
Preterm category is split into moderate preterm (≥32 to <37 weeks) and very preterm (<32 weeks).
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both pre-pregnancy lifestyle and CVD risk factors (1.42; 95% CI, 1.16-1.72; Table 1.2, Model
3). When preterm delivery was split into two categories, the HRs for moderate preterm and very
preterm were 1.22 (95% CI, 0.96-1.54) and 2.01 (95% CI, 1.47-2.75), respectively, with a
significant trend (P<0.0001) in the fully adjusted model (Table 1.2, Model 3), indicating that
preterm delivery remains predictive of CVD even after adjustment for multiple lifestyle and
CVD risk factors present at the time of the delivery. Results did not change substantially when
we additionally adjusted for pre-pregnancy miscarriage, when the outcome was expanded to
include coronary revascularization, or when multiple gestation pregnancies were excluded. When
we evaluated the association between preterm delivery in first pregnancy and MI and stroke
separately, the results were slightly stronger for MI than they were for stroke (Appendix Table
1.6). In addition, we investigated the association between ever having a preterm delivery and
CVD and found similar results to those that considered only the first birth (Appendix Table 1.7).
We evaluated the association between very preterm in first pregnancy and CVD classified
by live birth and stillbirth because 47.8% of very preterm first pregnancies resulted in stillbirth
(Table 1.1). The increased rate of CVD persisted in both the very preterm live birth (HR, 1.98;
95% CI, 1.27-3.08) and very preterm stillbirth (HR, 2.07; 95% CI, 1.35-3.18) groups (Appendix
Table 1.8).
Because hypertensive disorders of pregnancy (HDP; preeclampsia and gestational
hypertension) have been shown to be associated with CVD,22-27 and because HDP is an
indication for preterm delivery,28 we further investigated whether the association between
preterm delivery and CVD was evident for pregnancies not complicated by HDP (Table 1.3). In
comparison with a normotensive term first pregnancy, women with a normotensive preterm first
pregnancy had a 35% (HR, 1.35; 95% CI, 1.06-1.72) increased rate of CVD, whereas those with
16

Table 1.3: Hazard Ratios (95% Confidence Intervals) for Preterm Delivery in First Pregnancy and Cardiovascular Events (Myocardial
Infarction and Stroke), Among Women Without Hypertensive Disorders of Pregnancy in First Pregnancy
Non-HDP Term:
Non-HDP Preterm:
Non-HDP Moderate
Non-HDP Very
Preterm:
Preterm:
≥37 weeks
<37 weeks
≥32 to <37 weeks
<32 weeks
(n=51,343)
(n=4,487)
(n=3,372)
(n=1,115)
*
Cases/person-years
613/1,641,456
76/141,478
46/105,585
30/35,893
†
Model 1
1.00 (ref)
1.44 (1.13, 1.82)
----†
Model 2
1.00 (ref)
1.38 (1.08, 1.75)
----†
Model 3
1.00 (ref)
1.35 (1.06, 1.72)
----‡
Model 1
1.00 (ref)
--1.17 (0.87, 1.58)
2.21 (1.53, 3.18)
‡
Model 2
1.00 (ref)
--1.15 (0.85, 1.55)
2.02 (1.39, 2.95)
‡
Model 3
1.00 (ref)
--1.12 (0.83, 1.52)
2.01 (1.38, 2.93)
Model 1 is adjusted for age at first birth, age in 1989, race/ethnicity, and parental education.
Model 2 is additionally adjusted for pre-pregnancy body mass index, pre-pregnancy smoking, pre-pregnancy Alternative Healthy Eating Index
score (in quintiles), pre-pregnancy alcohol intake, physical activity at 18 years of age, and pre-pregnancy oral contraceptive use.
Model 3 is additionally adjusted for pre-pregnancy chronic hypertension, pre-pregnancy hypercholesterolemia, pre-pregnancy type 2 diabetes
mellitus, and family history of myocardial infarction or stroke before 60 years of age.
*
Sample size and total case numbers differ from Table 1.2 because of additional exclusion criterion: did not complete 2009 reproductive wrap
up. The 2001 questionnaire did not include questions regarding HDP.
†
Compares non-HDP preterm (<37 weeks) with non-HDP term (≥37 weeks)
‡
Non-HDP preterm category is split into non-HDP moderate preterm (≥32 to <37 weeks) and non-HDP very preterm (<32 weeks)
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both preterm delivery and HDP in the first pregnancy had a 66% increased rate (HR, 1.66; 95%
CI, 1.02-2.70). When the non-HDP preterm category was split into non-HDP moderate preterm
and non-HDP very preterm, we observed no significantly higher rate in the normotensive
moderate preterm group (HR, 1.12; 95% CI, 0.83-1.52), but a 2-fold (HR, 2.01; 95% CI, 1.382.93) increased rate in the normotensive very preterm group (Table 1.3, Model 3). We did not
separate the HDP preterm category into moderate and very preterm because of insufficient
power. Results were similar when we classified preterm by preeclampsia only, as opposed to
HDP.
When comparing the six categories reflecting a woman’s entire pregnancy history, all
groups experienced a higher rate of CVD relative to women with more than one birth, all of
which were at term (Table 1.4). Women with a preterm first birth and at least one later preterm
birth had the largest fully adjusted hazard ratio at 1.65 (95% CI, 1.20-2.28). Women who had
only one child (either preterm or term) had an increased rate of CVD in comparison with women
who had at least two children all of whom were term; mothers with one preterm child (HR, 1.45;
95% CI, 0.97-2.17) were at slightly higher risk than mothers with one term child (HR, 1.21; 95%
CI, 0.99-1.46). The results also suggest that, regardless of whether the preterm delivery occurred
in the first pregnancy or a later one, the mother was at increased risk of CVD (Table 1.4).
We assessed whether the association between preterm delivery (term, moderate preterm,
very preterm) in the first pregnancy and CVD was modified by pre-pregnancy lifestyle and CVD
risk factors. We found no effect modification by pre-pregnancy BMI, smoking, physical activity,
alcohol, diet, duration of oral contraceptive use, T2DM, hypercholesterolemia, or miscarriage
history (all P-values of >0.10). Only chronic hypertension before first pregnancy appeared to be
a modifier (P=0.02). The HRs comparing moderate preterm with term were 0.21 (95% CI, 0.0318

Table 1.4: Hazard ratios (95% Confidence Intervals) for History of Preterm Deliveries and Cardiovascular Events (Myocardial
Infarction and Stroke) at ≥40 Years of Age, Among Women with No Births at ≥40 years of Age
First
Second+
N (%)
Cases/Person-Years*
Model 1
Model 2
Model 3
Model 4
Pregnancy Pregnancies
Term
Term
48,015 (71.2)
558/893,230
1.00 (ref)
1.00 (ref)
1.00 (ref)
1.00 (ref)
Term
Preterm
3,597 (5.3)
56/66,083
1.34 (1.02, 1.77) 1.31 (1.00, 1.73) 1.30 (0.99, 1.71) 1.34 (1.01, 1.76)
Term
None
9,938 (14.7)
151/190,761
1.35 (1.12, 1.62) 1.26 (1.05, 1.52) 1.23 (1.02, 1.48) 1.21 (0.99, 1.46)
Preterm
Term
2,615 (3.9)
40/46,887
1.43 (1.04, 1.97) 1.41 (1.02, 1.94) 1.37 (0.99, 1.89) 1.38 (1.00, 1.90)
Preterm
Preterm
1,863 (2.8)
40/35,342
1.72 (1.25, 2.38) 1.67 (1.21, 2.30) 1.63 (1.18, 2.25) 1.65 (1.20, 2.28)
Preterm
None
1,399 (2.1)
27/25,897
1.89 (1.28, 2.78) 1.60 (1.07, 2.38) 1.48 (1.00, 2.21) 1.45 (0.97, 2.17)
Model 1 is adjusted for age at first birth, age in 1989, race/ethnicity, and parental education.
Model 2 is additionally adjusted for pre-pregnancy body mass index, pre-pregnancy smoking, pre-pregnancy Alternative Healthy Eating Index
score (in quintiles), pre-pregnancy alcohol intake, physical activity at 18 years of age, and pre-pregnancy oral contraceptive use.
Model 3 is additionally adjusted for pre-pregnancy chronic hypertension, pre-pregnancy hypercholesterolemia, pre-pregnancy type 2 diabetes
mellitus, and family history of myocardial infarction or stroke before 60 years of age.
Model 4 is additionally adjusted for parity at 40 years of age.
*
Sample size and total case numbers differ from those in Table 1.2 due to additional exclusion criteria: missing gestation length in the 2nd
pregnancy on, reported gestation length <20 weeks and live birth, had a birth at ≥40 years of age, had a myocardial infarction or stroke before
40 years of age.

19

1.52) and 1.30 (95% CI, 1.02-1.64) in the women with and without pre-pregnancy chronic
hypertension, respectively. The HR comparing very preterm with term among women with prepregnancy chronic hypertension was 0.57 (95% CI, 0.08-4.14), while the HR was 2.12 (95% CI,
1.54-2.92) among women without pre-pregnancy chronic hypertension.
Based on comparisons of models evaluating associations between preterm delivery and
CVD with and without postpartum risk factors, 12.8% (95% CI, 7.1-21.9) of the association
between preterm delivery and CVD was accounted for by the postpartum development of
chronic hypertension, T2DM, hypercholesterolemia, or changes in BMI (Table 1.5, Model 2a).
The proportion accounted for increased to 15.9% (95% CI, 8.7-27.3) when breastfeeding was
also included as an intermediate (Table 1.5, Model 2b). When we split preterm into moderate and
very preterm, 14.5% (95% CI, 4.0-41.1) of the association between moderate preterm delivery
and CVD was accounted for by the development of chronic hypertension, T2DM,
hypercholesterolemia, or changes in BMI, whereas 13.1% (95% CI, 9.0-18.7) of the very
preterm-CVD association was accounted for by these risk factors (Table 1.5, Model 2a). The
inclusion of breastfeeding as an intermediate increased the proportion to 20.7% (95% CI, 5.553.8) and 14.0% (95% CI, 9.5-20.1) in the moderate and very preterm groups, respectively.
Results were similar when parity, depression, and pregnancy-related trauma were included as
intermediates.
A number of sensitivity analyses were performed. When we excluded probable cases of
MI or stroke and considered only cases definitely confirmed using medical records by study
physicians, we found a slightly stronger association between preterm delivery and CVD (HR,
1.50; 95% CI, 1.17-1.91) in our fully adjusted model.
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Table 1.5: Hazard Ratios (95% Confidence Intervals) for the Association Between Preterm
Delivery in First Pregnancy and Cardiovascular Disease (Myocardial Infarction and Stroke) With
and Without Adjustment for Intermediate Outcomes and the Proportion of the Association
Through the Intermediates
Moderate
Very Preterm: †
†
Preterm:
≥37 weeks
<37 weeks
≥32 to <37 weeks
<32 weeks
(n=59,846)
(n=5,501)
(n=4,173)
(n=1,328)
Cases/person-years‡
756/1,912,714
105/171,983
65/129,478
40/42,505
Model 1 intermediate outcomes: chronic hypertension, hypercholesterolemia, type 2 diabetes mellitus,
body mass index
Without intermediates§
1.00 (ref)
1.55 (1.27, 1.91)
1.29 (1.00, 1.66)
2.34 (1.82, 3.02)
With intermediates||
1.00 (ref)
1.47 (1.19, 1.80)
1.23 (0.96, 1.59)
2.12 (1.64, 2.73)
Proportion through
Ref
13.3% (7.9, 21.4) 17.1% (5.5, 42.5) 12.0% (8.6, 16.5)
intermediates¶
Model 2a intermediate outcomes: chronic hypertension, hypercholesterolemia, type 2 diabetes mellitus,
body mass index
Without intermediates§
1.00 (ref)
1.48 (1.21, 1.82)
1.26 (0.97, 1.62)
2.14 (1.66, 2.76)
With intermediates||
1.00 (ref)
1.41 (1.15, 1.73)
1.21 (0.94, 1.57)
1.94 (1.50, 2.50)
Proportion through
Ref
12.8% (7.1, 21.9) 14.5% (4.0, 41.1) 13.1% (9.0, 18.7)
intermediates¶
Model 2b intermediate outcomes: chronic hypertension, hypercholesterolemia, type 2 diabetes mellitus,
body mass index, and breastfeeding
Without intermediates§
1.00 (ref)
1.48 (1.21, 1.82)
1.26 (0.97, 1.62)
2.14 (1.66, 2.76)
With intermediates||
1.00 (ref)
1.39 (1.14, 1.71)
1.20 (0.93, 1.55)
1.92 (1.49, 2.48)
Proportion through
Ref
15.9% (8.7, 27.3) 20.7% (5.5, 53.8) 14.0% (9.5, 20.1)
intermediates¶
Term:

Preterm:*

Model 1 is adjusted for age at first birth, age in 1989, race/ethnicity, and parental education.
Model 2a is additionally adjusted for pre-pregnancy body mass index, pre-pregnancy smoking, pre-pregnancy
Alternative Healthy Eating Index score (in quintiles), pre-pregnancy alcohol intake, physical activity at 18 years
of age, pre-pregnancy oral contraceptive use, and family history of MI or stroke before 60 years of age.
Model 2b is the same as model 2a, but additionally includes breastfeeding as an intermediate outcome.
*
Compares preterm (<37 weeks) with term (≥37 weeks).
†
Preterm category is split into moderate preterm (≥32 to <37 weeks) and very preterm (<32 weeks).
‡
Sample size and total case numbers differ from Table 1.2 due to additional exclusion criterion: pre-pregnancy
chronic hypertension, type 2 diabetes mellitus, or hypercholesterolemia, missing BMI over follow-up, and
missing date of diagnosis of risk factors on baseline questionnaire.
§
Analogous to the total effect in causal mediation analysis.
||
Analogous to the direct effect in causal mediation analysis.
¶
Analogous to the proportion mediated in causal mediation analysis.
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As a sensitivity analysis, we also excluded all person time accrued between the first birth
and the baseline questionnaire in 1989 as this time is, by definition, immortal.18 Participants had
to survive without having an MI or stroke until 1989 in order to be eligible for inclusion in our
study, because the self-reported events prior to 1989 were not validated and these women were
excluded from our analytic sample. After excluding 558,846 person-years contributed between
first birth and 1989, the association between preterm delivery and CVD remained essentially
unchanged, in comparison with the results of the primary analyses in Table 1.2.
DISCUSSION
Women who deliver a preterm infant are at a 40% increased risk of future CVD events,
whereas those who deliver before 32 weeks experience a doubling of CVD risk, even after
accounting for pre-pregnancy sociodemographic, lifestyle and CVD risk factors. This increased
risk is only partially explained by the subsequent development of traditional CVD risk factors
such as chronic hypertension, hypercholesterolemia, weight gain and T2DM in the years after the
delivery. The increased rate of CVD in women with very preterm deliveries was slightly
attenuated, but persisted when we considered pregnancies not complicated by preeclampsia or
gestational hypertension. CVD risk factors, including chronic hypertension, T2DM,
hypercholesterolemia, and changes in BMI, that developed after the first birth accounted for
<25% of the association between moderate or very preterm first birth and CVD. Because part of
the association is through the development of traditional CVD risk factors postpartum, this
suggests that the reduction of CVD risk factors in women who deliver a preterm infant might
mitigate some of their elevated risk. A large portion of the increased rate, however, was not
accounted for by the postpartum development of CVD risk factors and indicates the need to
explore other pathways through which preterm delivery and CVD are linked. Because
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established risk factors will not fully capture this early indicator of CVD risk, preterm delivery
may be a valuable additional risk marker in screening.
Other studies, largely without adjustment for pre-pregnancy confounding factors, suggest
a 1.2 to 2.5 fold increased risk of CVD in women with a history of preterm delivery, depending
on the specific exposure and outcome definition.7-14 Our estimates of 1.42 in women who
delivered preterm, and 1.22 and 2.01 in women in delivered moderately and very preterm,
respectively, are consistent with this range. We were able to improve on the current literature in
two significant ways: by adjusting for pre-pregnancy confounders and by estimating the
proportion of the preterm-CVD association that is accounted for by the emergence of CVD risk
factors after the first birth. The current literature hails largely from administrative databases and
registries, which preclude adjustment for pre-pregnancy lifestyle factors, such as diet, smoking,
alcohol intake, physical activity, oral contraceptive use, and family history of CVD, as these are
not available, leaving the possibility of unmeasured confounding. Only one study was able to
adjust for pre-pregnancy smoking,10 while one other adjusted for pre-pregnancy BMI.12
Due to the nature of our longitudinal observational study, we collected information on a
variety of lifestyle factors over each woman’s lifetime, allowing us to simultaneously account for
these in our analyses. The inclusion of these variables as confounders in our models led to slight
attenuations, the largest of which was in the association between very preterm delivery in the
first pregnancy and CVD from a hazard ratio of 2.27 to 2.05. Pre-pregnancy oral contraceptive
use was primarily responsible for this attenuation. Since recent oral contraceptive use has been
shown to be protective against preeclampsia,29 an indication for preterm delivery (particularly
very preterm),28, 30 this attenuation is plausible. We were also able to evaluate whether the
association between preterm delivery and CVD was modified by pre-pregnancy risk factors,
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which has not been explored in prior literature. While we observed effect modification by prepregnancy chronic hypertension, among women with pre-pregnancy chronic hypertension, the
case numbers were small (n=1 case each in moderate and very preterm) and these findings
should be replicated.
We also had the capacity to evaluate whether the preterm-CVD association persisted even
in pregnancies not complicated by hypertensive disorders of pregnancy. Two studies have
previously investigated the risk of CVD associated with preterm delivery in a pregnancy not
complicated by preeclampsia and found hazard ratios ranging from 1.18 to 2.95 depending on the
degree of the preterm and the outcome definition.9, 31 Our results similarly show that preterm
delivery remains associated with CVD even in pregnancies not complicated by HDP, suggesting
that women with preterm pregnancies alone may benefit from additional prevention and
screening along with women who experience both preterm and HDP. This is important as the
majority (83%) of preterm pregnancies in our study were not complicated by HDP.
The longitudinal nature of our data allowed us to perform an analysis accounting for
intermediate outcomes, which, to our knowledge, has not been previously done for the pretermCVD association. We found that the association was partially accounted for by the development
of chronic hypertension, T2DM, and hypercholesterolemia, and changes in BMI after pregnancy,
but there remains a substantial portion that was not accounted for by these factors. These CVD
risk factors may act as potential targets for primordial prevention in women with a history of
preterm delivery. Additionally, breastfeeding appeared to account for part of this association on
top of traditional CVD risk factors; whether breastfeeding itself can mitigate the risk associated
with preterm delivery or is a marker for other risk factors cannot be established by these
observational data. Prior observational research has shown that longer duration of lactation is
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associated with a reduced risk of MI,32 T2DM,33 and chronic hypertension.34 Further research is
needed to identify other factors or pathways that may be responsible for the increased risk of
CVD in these women.
In addition to the development of CVD risk factors emerging after a preterm delivery, we
also hypothesize that preterm delivery and CVD are linked through subclinical shared risk
factors that predate both preterm delivery and CVD. The causes of preterm delivery generally
depend on whether the premature delivery was spontaneous or medically indicated.30
Spontaneous preterm deliveries typically result from intrauterine infection or inflammation,
uteroplacental ischemia or hemorrhage, uterine overdistension, stress or vascular disease,30, 35, 36
while medically indicated preterm deliveries are often caused by preeclampsia, intrauterine
growth restriction, or other maternal factors including obesity and chronic hypertension.30
Intrauterine infection, which triggers the release of inflammatory chemokines and cytokines,30, 35
has been shown to cause approximately 30% of all preterm deliveries.30 Inflammatory processes
also contribute to the development of atherosclerosis, plaque rupture, and, ultimately, CVD.37
Inflammation, along with pre-pregnancy subclinical vascular disease and obesity, may underlie
both preterm delivery and CVD. In support of this hypothesis, high C-reactive protein (CRP)
levels in pregnancy, a marker of inflammation, are associated with spontaneous preterm
delivery,38-40 and CRP is also a strong predictor of CVD risk.41
The primary limitation of our study is the potential for exposure misclassification as
participants self-reported gestation length between 0 and 47 years after their first pregnancy
(median=27). Prior studies of maternal recall of preterm delivery, suggest high specificity (86100%), but lower sensitivity (33-72%).42-49 Our validation study showed higher sensitivity (81%)
and specificity (92%), indicating good validity. Since our validation study included only women
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who reported preeclampsia, it is unclear whether we would see similar results in the entire
analytic sample. As the exposure is non-differentially misclassified with respect to the outcome,
our results may be biased towards the null. There is also the possibility of unmeasured and
residual confounding. However, we were able to adjust for multiple pre-pregnancy cardiometabolic risk factors, which has not previously been done. The adjustment for these additional
and well-documented shared risk factors, including diet, physical activity, BMI, smoking,
alcohol, oral contraceptive use, and family history did not largely attenuate the results; thus it is
unlikely that unmeasured or residual confounding would be large enough to alter the conclusions
from our study. We were also unable to perform formal mediation analysis because there is
currently no analytic method established to handle multiple, correlated, time-dependent
mediators in the context of censored survival outcomes. However, our ability to account for
intermediate outcomes that arise after the first birth has not previously been done for CVDrelated outcomes and provides some insight as to how preterm delivery and CVD are linked.
Additionally, we may have underestimated the proportion of the association explained by the
intermediates as blood pressure and lipid levels are continuous and we were only able to include
binary indicators for clinical conditions related to these measures. We were unable to explore the
associations between spontaneous and induced preterm delivery, preterm labor, or premature
rupture of membranes and CVD. Our study also potentially suffers from immortal time bias, as
women could not have a CVD event prior to the 1989 baseline questionnaire in order to be
included in our analytic sample. However, excluding the immortal person time had no impact on
our results, likely due to the limited number of CVD events that would occur prior to baseline in
a young, healthy population that was between 25 and 42 years old in 1989. Lastly, our cohort is
primarily Caucasian (93%), limiting generalizability. Non-Hispanic black women have a higher
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prevalence of preterm compared to both non-Hispanic white and Hispanic women and the
proportion of preterm deliveries that are moderate and very preterm differ by race.1 The mix of
causes of preterm may vary between race/ethnicity groups and may be changing over time,
particularly as pre-pregnancy BMI rises,50 suggesting that there may be differences in how
predictive preterm is of future CVD in other racial and ethnic groups.
Our study has several strengths. We were able to adjust for multiple pre-pregnancy
lifestyle risk factors for CVD, yielding better confounding control than prior studies on preterm
delivery and CVD. Similarly, unlike registry-based studies, we had longitudinal data on the
development of traditional CVD risk factors, including chronic hypertension,
hypercholesterolemia, T2DM, and changes in BMI over time, allowing us to evaluate whether
the association between preterm and CVD was accounted for by these factors. On top of the rich
data on confounders and mediators, we also had information on the complete reproductive
history of our women, enabling us to investigate, not only the association between first
pregnancy and CVD, but also recurrent preterm deliveries. Lastly, to our knowledge, this is the
longest study on preterm delivery and CVD with follow-up ranging from 2 to 50 years
(median=32).
In conclusion, preterm delivery is independently predictive of CVD, even after
adjustment for multiple cardio-metabolic risk factors and the association is only partially
mediated by the postpartum development of traditional CVD risk factors. We need further
research to determine the incidence and timing of the development of these risk factors and
establish the most effective screening and prevention protocols for women with a history of
preterm delivery. We also need additional research on alternative, novel pathways through which
preterm and CVD may be associated and which could also inform prevention methods.
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Ultimately, preterm delivery may be a useful prognostic tool to identify high-risk women early in
life who would benefit from early screening, prevention, and treatment.
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APPENDIX
Table 1.6: Hazard Ratios (95% Confidence Intervals) for Preterm Delivery in First Pregnancy
and Myocardial Infarction and Stroke
Term:

Preterm:

≥37 weeks
(n=64,004)

<37 weeks
(n=6,178)

Moderate
Preterm:
≥32 to <37 weeks
(n=4,712)

Very Preterm:
<32 weeks
(n=1,466)

Myocardial Infarction
Cases/person-years*
429/2,023,726
68/189,048
44/143,199
24/45,849
†
Model 1
1.00 (ref)
1.71 (1.33, 2.22)
1.48 (1.08, 201)
2.43 (1.61, 3.67)
†
Model 2
1.00 (ref)
1.63 (1.26, 2.12)
1.45 (1.06, 1.98)
2.17 (1.42, 3.31)
Model 3†
1.00 (ref)
1.55 (1.19, 2.01)
1.36 (0.99, 1.86)
2.10 (1.38, 3.21)
Stroke
Cases/person-years*
404/2,023,726
51/189,048
32/143,199
19/45,849
Model 1†
1.00 (ref)
1.37 (1.02, 1.84)
1.14 (0.80, 1.64)
2.07 (1.31, 3.28)
Model 2†
1.00 (ref)
1.31 (0.97, 1.75)
1.11 (0.78, 1.60)
1.87 (1.17, 2.99)
†
Model 3
1.00 (ref)
1.28 (0.95, 1.71)
1.09 (0.76, 1.56)
1.84 (1.15, 2.95)
Model 1 is adjusted for age at first birth, age in 1989, race/ethnicity, and parental education.
Model 2 is additionally adjusted for pre-pregnancy body mass index, pre-pregnancy smoking, prepregnancy Alternative Healthy Eating Index score (in quintiles), pre-pregnancy alcohol intake, physical
activity at 18 years of age, and pre-pregnancy oral contraceptive use.
Model 3 is additionally adjusted for pre-pregnancy chronic hypertension, pre-pregnancy
hypercholesterolemia, pre-pregnancy type 2 diabetes mellitus, and family history of myocardial
infarction or stroke before 60 years of age.
*
Total case numbers differ from those in Table 2 because 3 women experienced a myocardial infarction
and stroke at the same age and are included as events in both the myocardial infarction and stroke
analysis. Person-years are the same for the stroke and MI analyses because women are censored at their
first CVD event (myocardial infarction or stroke), regardless of event type, in both analyses.
†
Compares preterm (<37 weeks) to term (≥37 weeks)
‡
Preterm category is split into moderate preterm (≥32 to <37 weeks) and very preterm (<32 weeks)
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Table 1.7: Hazard Ratios (95% Confidence Intervals) for Ever Preterm Delivery and
Cardiovascular Events (Myocardial Infarction and Stroke) at ≥40 Years of Age, Among Women
with No Births at ≥40 Years of Age
Never
Preterm:
≥37 weeks
(n=57,953)

Ever Preterm:
<37 weeks
(n=9,474)

Ever Moderate
Preterm:
≥32 to <37 weeks
(n=6,859)

Ever Very
Preterm:
<32 weeks
(n=2,615)

P-trend*

Cases/person709/1,083,991
163/174,209
98/124,437
65/49,772
years†
Model 1‡
1.00 (ref)
1.44 (1.21, 1.70)
------‡
Model 2
1.00 (ref)
1.39 (1.17, 1.65)
------‡
Model 3
1.00 (ref)
1.36 (1.15, 1.62)
------Model 4‡
1.00 (ref)
1.39 (1.17, 1.65)
------§
Model 1
1.00 (ref)
--1.24 (1.00, 1.53) 1.90 (1.47, 2.45) <0.0001
§
Model 2
1.00 (ref)
--1.22 (0.98, 1.50) 1.79 (1.38, 2.31) <0.0001
Model 3§
1.00 (ref)
--1.18 (0.96, 1.46) 1.76 (1.36, 2.28) <0.0001
§
Model 4
1.00 (ref)
--1.19 (0.97, 1.48) 1.87 (1.44, 2.43) <0.0001
Model 1 is adjusted for age at first birth, age in 1989, race/ethnicity, and parental education.
Model 2 is additionally adjusted for pre-pregnancy body mass index, pre-pregnancy smoking, prepregnancy Alternative Healthy Eating Index score (in quintiles), pre-pregnancy alcohol intake, physical
activity at 18 years of age, and pre-pregnancy oral contraceptive use.
Model 3 is additionally adjusted for pre-pregnancy chronic hypertension, pre-pregnancy
hypercholesterolemia, pre-pregnancy type 2 diabetes mellitus, and family history of myocardial
infarction or stroke before 60 years of age.
Model 4 is additionally adjusted for parity at 40 years of age.
*
For trend test, the measure of prematurity was included model as a continuous variable with most
common gestation length as the value to represent each category.
†
Sample size and total case numbers differ from those in Table 2 due to additional exclusion criteria:
missing gestation length in the second pregnancy on, reported gestation length <20 weeks and live
birth, had a birth after 40 years of age, or had a myocardial infarction or stroke before 40 years of age.
‡
Compares ever preterm (<37 weeks) with never preterm (≥37 weeks).
§
Ever preterm category is split into ever moderate preterm (≥32 to <37 weeks) and ever very preterm
(<32 weeks).
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Table 1.8: Hazard Ratios (95% Confidence Intervals) for Preterm Delivery in First Pregnancy
and Cardiovascular Events (Myocardial Infarction and Stroke), Classified by Live and Still Birth
Term:*
≥37 weeks
(n=63,826)

Moderate
Preterm:*
≥32 to <37 weeks
(n=4,697)

Very Preterm
Live Birth:
<32 weeks
(n=762)

Very Preterm
Stillbirth
<32 weeks
(n=697)

P-trend†

Cases/Person827/2,018,120
75/142,730
20/23,088
23/22,549
Years‡
Model 1
1.00 (ref)
1.31 (1.03, 1.66) 2.09 (1.34, 3.26) 2.47 (1.63, 3.73) <0.0001
Model 2
1.00 (ref)
1.28 (1.01, 1.62) 2.03 (1.30, 3.16) 2.11 (1.37, 3.24) <0.0001
Model 3
1.00 (ref)
1.22 (0.96, 1.55) 1.98 (1.27, 3.08) 2.07 (1.35, 3.18) <0.0001
Model 1 is adjusted for age at first birth, age in 1989, race/ethnicity, and parental education.
Model 2 is additionally adjusted for pre-pregnancy body mass index, pre-pregnancy smoking, prepregnancy Alternative Healthy Eating Index score (in quintiles), pre-pregnancy alcohol intake, physical
activity at 18 years of age, and pre-pregnancy oral contraceptive use.
Model 3 is additionally adjusted for pre-pregnancy chronic hypertension, pre-pregnancy
hypercholesterolemia, pre-pregnancy type 2 diabetes mellitus, and family history of myocardial
infarction or stroke before 60 years of age.
*
Contains both live births and stillbirths. There are 245 stillbirths in the term group and 75 stillbirths in
the moderate preterm group.
†
For trend test, the measure of prematurity was included model as a continuous variable with most
common gestation length as the value to represent each category.
‡
Case numbers and person years differ from Table 2 due to an additional exclusion criterion: missing
outcome for the first pregnancy.
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ABSTRACT
Background: Preterm delivery has been linked to future maternal cardiovascular disease;
however, research investigating clinical cardiovascular disease risk factors is limited.
Objective: We evaluated whether women who have delivered an infant preterm are at higher
risk of developing cardiovascular disease risk factors after adjustment for pre-pregnancy
confounders.
Study Design: We examined the association between preterm delivery and incident chronic
hypertension, type 2 diabetes mellitus, and hypercholesterolemia among 57,904 parous women
in the Nurses’ Health Study II. The analysis was restricted to those who did not have gestational
diabetes or a hypertensive disorder in first pregnancy. Multivariable Cox proportional hazards
models were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the
associations between preterm delivery in first pregnancy and each CVD risk factor; adjusted
cumulative incidence curves were computed using the Breslow estimator.
Results: Approximately 6% of women delivered their first birth moderately preterm (≥32 to <37
weeks gestation), while 2% delivered very preterm (< 32 weeks). Preterm delivery was
associated with HRs of 1.11 (95% CI: 1.06-1.17) for chronic hypertension, 1.17 (95% CI: 1.031.33) for type 2 diabetes mellitus, and 1.07 (95% CI: 1.03-1.11) for hypercholesterolemia,
adjusting for age, race/ethnicity, parental education, and pre-pregnancy confounders (e.g., body
mass index, smoking, family history). HRs were higher in women who delivered very preterm
and in the first 10 years after first birth. The cumulative incidence of each risk factor was highest
in women who delivered very preterm.
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Conclusions: Women with a history of preterm delivery are at higher risk of developing chronic
hypertension, type 2 diabetes mellitus, and hypercholesterolemia in the years after pregnancy.
This increased risk was particularly pronounced in the first 10 years after a preterm delivery,
indicating it may be an important time period to implement lifestyle interventions to prevent or
delay the development of cardiovascular disease risk factors.
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INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of mortality in the United States,
resulting in nearly 400,000 deaths among women in 2014.1 Pregnancy is a distinctive period of
cardio-metabolic stress that may uncover underlying endothelial dysfunction, vascular disease, or
susceptibility to subsequent CVD risk as pregnancy complications when women are young and
before the development of clinical CVD risk factors.2-4 The American Heart and Stroke
Associations (AHA, ASA) recognize gestational diabetes mellitus (GDM) and hypertensive
disorders of pregnancy (HDP; includes preeclampsia and gestational hypertension) as risk factors
for CVD in women.5, 6 HDP often results in preterm deliveries7 and, while preterm delivery has
not yet been officially recognized as a risk factor for CVD, evidence is growing that preterm
delivery, even in the absence of HDP, is associated with an increased risk of CVD.8-10 These
findings have led the AHA to recommend that healthcare professionals screen patients for prior
preterm deliveries when obtaining a complete medical history.6 Additionally, there have been
multiple calls to evaluate the trajectories of CVD risk factor development after pregnancy to
inform screening protocols in young women with a history of pregnancy complications.3, 5
Preterm delivery, which impacts nearly 10% of pregnancies in the United States each
year, has been linked to future CVD in mothers,9-18 but research investigating the development of
clinical CVD risk factors (i.e. chronic hypertension, type 2 diabetes mellitus (T2DM),
hypercholesterolemia) that often predate CVD events is more limited. The current literature
suggests that women with a history of preterm delivery are at 1.2 to 2-fold higher risk of CVDrelated risk factors, yet few studies have jointly adjusted for potential pre-pregnancy
confounding factors, such as body mass index (BMI), smoking, family history of CVD risk
factors, and lifestyle factors (e.g. diet),17, 19-21 which may explain both a higher risk of preterm
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delivery and CVD risk factors. Finally, all but one study have fewer than 20 years of follow-up17,
19, 20, 22-25

and only one, which evaluated T2DM after a preterm delivery, provides information on

when these risk factors begin to appear after pregnancy.21 We provide new data to inform
screening protocols in women who have delivered a preterm infant by providing more complete
adjustment for confounding variables and describing the trajectory of risk factor development up
to 50 years after preterm delivery.
METHODS
Study Population
The study population for our analysis was drawn from 116,429 female U.S. registered
nurses enrolled in the Nurses’ Health Study II (NHSII) in 1989 at ages 25-42. This prospective,
longitudinal study mailed questionnaires to participants every 2 years to collect
sociodemographic information, lifestyle and behavior characteristics, medication use, and
incident disease. Data on pregnancy history was reported twice over follow-up: in 2001 and
2009. In 2001, 91,297 women were mailed a supplemental questionnaire about pregnancies
lasting at least 12 weeks. As part of the 2009 biennial questionnaire, all women in the NHSII
were asked to report their complete pregnancy history, including gestation length, pregnancy
complications, and birth outcomes for all pregnancies regardless of gestation length. This 2009
reproductive questionnaire, completed when all women were ≥45 years of age, is the primary
source of our exposure data as it obtained a more complete pregnancy history. This study was
approved by the Partners Human Research Committee (Institutional Review Board) of Brigham
and Women’s Hospital. Questionnaire return was considered informed consent.
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Gestation Length
As part of the 2009 pregnancy history, women reported the length of each pregnancy in
the following categories of completed weeks: <8, 8-11, 12-19, 20-27, 28-31, 32-36, 37-39, 4042, 43+ weeks. For women who did not complete the 2009 questionnaire or were missing
information on gestation length, data from the 2001 questionnaire were used (n=10,644).
Gestation length was then dichotomized into preterm delivery (≥20 to <37 weeks) or term
delivery (≥37 weeks). We also used a three-category exposure in which preterm delivery was
split into moderate (≥32 to <37 weeks) and very preterm (≥20 to <32 weeks). Pregnancies lasting
fewer than 20 weeks were not included, as this cutoff separates spontaneous abortions from live
and stillbirths.26 Primary analyses considered only the first birth, while secondary analyses
evaluated recurrent preterm deliveries in second or later births.
In the NHSII cohort, a small validation study was conducted among 403 women who
reported preeclampsia/toxemia between 1991 and 2001. Self-reported gestation length was
compared to the gestation length from medical records. This yielded a sensitivity of 81% and a
specificity of 92% for dichotomous preterm delivery (<37 weeks, ≥37 weeks) and a Kappa
statistic of 0.74 when we categorized gestation length into term, moderate preterm, and very
preterm, suggesting good validity.
Cardiovascular Risk Factors
Chronic Hypertension
Participants provided self-reported physician diagnoses of incident chronic hypertension
and the year of diagnosis in categories (e.g. on 1991 questionnaire: ‘before September 1989’;
‘September 1989 to May 1991’; or ‘after June 1, 1991’) on each biennial questionnaire. The
midpoint of each category was assigned as the date of diagnosis. Validation of self-reported
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hypertension in a random sample of NHSII participants resulted in a sensitivity of 94% and
specificity of 85%, indicating good agreement with medical records.27
Type 2 Diabetes Mellitus
Participants also provided self-reported physician diagnoses of incident diabetes (not
during pregnancy) and the year of diagnosis in categories on each biennial questionnaire.
Women who noted a diagnosis of diabetes were then mailed a supplementary questionnaire to
obtain information on symptoms, diagnostic tests, and hypoglycemic therapy. Definite T2DM
required the following based on criteria from the National Diabetes Data Group28, 29: 1) presence
of one or more classic symptoms (excessive thirst, polyuria, weight loss, hunger, pruritus, or
coma) and fasting plasma glucose ≥ 126 mg/dl or random plasma glucose ≥ 200 mg/dl; or 2) at
least two elevated plasma glucose levels on different occasions in the absence of symptoms; or
3) treatment of hypoglycemic medication. Probable T2DM was defined as the following: 1) only
1 elevated plasma glucose, but no symptoms or hypoglycemic therapy; or 2) classic symptoms
and 2 or more urine samples positive for glucose. Validation of these confirmation criteria in a
similar cohort confirmed 98% of self-reported T2DM diagnoses.30 The month and year of
diagnosis reported on the supplementary questionnaire was used as the date of diagnosis.
Primary analyses required a definite T2DM diagnosis, while sensitivity analyses additionally
considered probable cases.
Hypercholesterolemia
Participants provided self-reported physician diagnoses of incident elevated cholesterol
and the year of diagnosis in categories on each biennial questionnaire. The midpoint of each year
of diagnosis category was considered the date of diagnosis. Beginning in 1999, women were
asked to report use of cholesterol lowering medication and, from 1999 through the end of follow43

up, hypercholesterolemia was defined as self-report of elevated cholesterol or medication use.
Validation of self-reported elevated cholesterol compared to medical records and measured
blood samples in a similar cohort yielded a positive predictive value of 86% and negative
predictive value of 85%.31
Covariates
The following covariates were selected a priori as potential confounding variables based
on subject matter knowledge of each covariate’s relationship with preterm delivery and CVD
risk factors: age at first birth and at NHSII enrollment in 1989, race/ethnicity (white, AfricanAmerican, Latina, Asian, other), education of the nurses’ mother and father (<9, 9-11, 12, 13-15,
≥16 years), family history of hypertension (yes/no), family history of diabetes (yes/no), and prepregnancy body mass index (BMI in kilograms per meter2: <18.5, 18.5-<25, 25-<30, ≥30),
smoking (never, past, current), Alternative Healthy Eating Index score (in quintiles), alcohol
intake (none, <1 drink per week, 2-6 drinks per week, ≥1 drink per day), physical activity (none,
1-3, 4-6, 7-9, 10-12 months per year), and duration of oral contraceptive use (none, <2, 2-<4, ≥4
years). Missing indicators were used for the small amount of missing data in our covariates.
For women with first pregnancies before the start of the NHSII in 1989 (82%), questions
on the baseline questionnaire that asked about lifestyle and behavior from age 18 to age at cohort
entry were used to assign pre-pregnancy covariate values. Women who delivered their first
pregnancy after 1989 were assigned pre-pregnancy covariate values from the biennial
questionnaire closest to, but preceding the pregnancy.

44

Exclusions
We excluded women who were non-responders to both the 2001 and 2009 pregnancy
history questionnaires (n=28,945), nulliparous in 2009 (n=15,556), missing gestation length or
year of first birth (n=324), or <18 or >45 years of age at first birth (n=954). Women who
reported chronic hypertension, hypercholesterolemia, myocardial infarction (MI) or stroke on the
1989 questionnaire, but did not provide a date of diagnosis or reported a diagnosis date before
1980 were also excluded (n=1,366) as we were unable to precisely date these. We additionally
excluded women who reported the development of chronic hypertension, hypercholesterolemia,
type 1 or type 2 diabetes mellitus, use of anti-hypertensive medication, or those who had a
myocardial infarction or stroke before first pregnancy (n=3,127). We excluded women who
reported gestational diabetes mellitus (GDM) or hypertensive disorders of pregnancy (HDP) in
their first pregnancy (n=6,662) because both are indications for preterm delivery7, 32 and are also
associated with CVD and CVD risk factors.33-48 Information on GDM and HDP was not
collected in 2001, thus women for whom the 2001 questionnaire was the source of their
pregnancy history were excluded if they reported GDM or HDP on any biennial questionnaire
prior to 2001 (n=1,553). Lastly, because chronic hypertension prior to pregnancy can be
incorrectly diagnosed as incident chronic hypertension after pregnancy, women who reported a
chronic hypertension diagnosis within one year of first birth were additionally excluded (n=38).
These exclusions resulted in an analytic sample of 57,904 women.
Statistical Analysis
Characteristics of NHSII participants in our analytic sample were age-standardized and
presented by preterm delivery status in first birth. Women entered the study at first birth and
were followed until development of each CVD risk factor (outcomes of interest), MI or stroke,
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death, loss to follow-up, or June 2013 (the end of our follow-up). In the chronic hypertension
analysis, women were additionally censored at report of anti-hypertensive medication use, as
these women were no longer at risk of developing chronic hypertension. Similarly, in the T2DM
analysis, women were censored at type 1 diabetes mellitus diagnosis. Multivariable-adjusted Cox
proportional hazards regression was used to estimate hazard ratios (HRs) and 95% confidence
intervals (CI) of preterm delivery with chronic hypertension, T2DM, and hypercholesterolemia.
The proportional hazards assumption was assessed using likelihood ratio tests comparing models
with interactions between preterm delivery and time since first birth to models without these
interactions for each CVD risk factor of interest. The proportional hazards assumption was
violated for chronic hypertension and T2DM (both P<0.04); therefore, we present hazard ratios
within 10-year intervals since first birth. For consistency, we also report hazard ratios in 10-year
intervals for hypercholesterolemia.
The Breslow estimator was used to obtain CVD risk profile-specific cumulative
incidence curves49 for each CVD risk factor by preterm delivery for first births. The low risk
CVD profile was characterized as having the following characteristics before the first pregnancy:
mean age at first birth (age=27) and in 1989 (age=35), white, ≥16 years of maternal and paternal
education, healthy BMI (18.5-24.9 kg/m2), never smoker, healthiest diet (fifth quintile of AHEI),
≥1 alcoholic drink per day, 10-12 months of strenuous physical activity per year, no oral
contraceptive use, and no family history of hypertension (for the chronic hypertension curves) or
diabetes (for the T2DM curves). In contrast, the following characteristics represent the high risk
CVD profile: mean age at first birth (age=27) and in 1989 (age=35), white, <9 years of maternal
and paternal education, obese BMI (≥30 kg/m2), current smoker, unhealthiest diet (first quintile
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of AHEI), no alcoholic drinks per day, no physical activity, no oral contraceptive use, and family
history of hypertension (for the chronic hypertension curves) or diabetes (for the T2DM curves).
To evaluate the association between recurrent preterm deliveries and each CVD risk
factor, we characterized women by preterm delivery status in first birth (term or preterm) and,
subsequently, in all later births (all term, any preterm, or no later births), yielding six exposure
categories. Follow-up for this analysis began at age 40, when most women (97%) had completed
childbearing. Therefore, we additionally excluded women who had any births at age 40 or later
(n=2,799); missing or invalid gestation length in a second or later pregnancy (n=188); developed
any of the CVD risk factors, type 1 diabetes mellitus, or reported anti-hypertensive medication
use before age 40 (n=10,033); or had a CVD event, died, or were lost to follow-up before age 40
(n=122), resulting in 44,762 women in this analytic sample. All analyses were conducted using
SAS 9.4 (SAS Institute Inc., Cary, NC).
RESULTS
Age-standardized characteristics of study participants by preterm delivery in first birth
are presented in Table 2.1. Approximately 6% of the 57,904 women delivered their first birth
moderately preterm (≥32 to <37 weeks), while 2% delivered very preterm (<32 weeks). Women
were generally similar across exposure groups; however, women with a very preterm delivery in
first birth were more likely to have a family history of diabetes and have a final parity of ≥4
pregnancies. The higher final parity observed in women who delivered very preterm is likely due
to replacement pregnancies since a majority were stillbirths (52.5% in very preterm compared to
1.7% in moderate preterm and 0.4% in term).
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Table 2.1: Age-standardized baseline characteristics of study participants by first birth preterm
delivery
Term
≥37 weeks
(n=53,341)
26.7 (4.5)
93.0
27.6

Moderate Preterm
32 to <37 weeks
(n=3,400)
27.2 (4.8)
91.3
26.2

Very Preterm
<32 weeks
(n=1,163)
26.7 (5.2)
91.6
25.8

Age at first birth, years, mean (SD)a
White
Education of the nurse’s mother, more
than high school
Education of the nurse’s father, more
31.9
30.0
31.3
than high school
Family history of hypertension
51.3
51.1
52.0
Family history of diabetes
43.2
45.3
49.0
Pre-pregnancy body mass index ≥30
2.0
2.0
2.9
kg/m2
Strenuous physical activity, age 18-22
years
Never
28.4
28.3
27.3
10-12 months/year
11.2
11.6
14.4
Pre-pregnancy Alternative Healthy
Eating Index
First quintile
20.0
19.9
16.8
Fifth quintile
19.4
20.1
23.4
Pre-pregnancy smoking
Never smoker
67.6
67.6
65.4
Past smoker
9.5
8.7
10.3
Current smoker
22.3
22.9
23.5
Pre-pregnancy alcohol intake, drinks
None
27.6
29.3
27.0
≥1/day
5.7
6.5
5.7
Duration of pre-pregnancy oral
contraceptive use
None
26.1
25.7
21.9
<2 years
23.9
21.8
25.3
2-4 years
21.9
20.0
22.9
≥4 years
28.1
32.5
29.9
First Pregnancy Stillbirth
0.4
1.7
52.5
Final parity
1 pregnancy
15.0
20.2
19.1
2 pregnancies
49.0
47.9
28.1
3 pregnancies
26.5
23.1
33.5
4+ pregnancies
9.5
8.8
19.3
Values are percentages unless otherwise noted and are standardized to the age distribution of the study
population.
Values of polytomous variables may not sum to 100% due to rounding.
a
Value is not age adjusted.
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Due to censoring criteria that is specific to each risk factor, median length of follow-up
differed by CVD risk factor. Median length of follow-up was 28 (interquartile range (IQR): 21,
33) years for chronic hypertension, 32 (IQR: 27, 37) years for T2DM, and 26 (IQR: 19, 32) years
for hypercholesterolemia. During follow-up, we observed 18,064 cases of chronic hypertension,
2,821 cases of T2DM, and 31,183 cases of hypercholesterolemia.
Table 2.2 shows multivariable-adjusted hazard ratios for the association between preterm
delivery and each CVD risk factor across follow-up (up to 49 years for chronic hypertension and
hypercholesterolemia and up to 50 years for T2DM) and within 10-year intervals since first birth.
Women who delivered their first infant preterm had an 11% (95% CI: 1.06, 1.17) increased rate
of developing chronic hypertension compared to women who delivered at term. The HR for
chronic hypertension was highest in the first 10 years following a preterm delivery (1.43; 95%
CI: 1.20, 1.70). This increased rate generally diminished over time and was not statistically
significant from 11-40 years after first birth. When we split preterm delivery into moderate
preterm and very preterm, the HR was stronger in the first 10 years following a very preterm
delivery (2.07; 95% CI: 1.56, 2.75) than in the moderate preterm group (1.22; 95% CI: 0.99,
1.51). Women who delivered very preterm had significantly increased rates of chronic
hypertension for 30 years following first birth; while in women who delivered moderately
preterm, a significantly increased rate did not emerge until 31-40 years after first birth (Table
2.2).
There was a 1.17-fold increased rate (95% CI: 1.03, 1.33) of developing T2DM in
women who delivered their first infant preterm compared to those who delivered at term. Similar
to chronic hypertension, the fully adjusted HR was strongest in the first 10 years following a
preterm delivery (2.83; 95% CI: 1.32, 6.06); the association was generally attenuated over
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Table 2.2: Multivariable-adjusted hazard ratios (95% confidence intervals) for preterm delivery in first birth and cardiovascular
disease risk factors in 10 year intervals since first birth
Term:
Preterm:
Moderate Preterm:
Very Preterm:
Cases/Person<32 weeks
p-trenda
≥37 weeks
<37 weeks
32 to <37 weeks
Years
(n=53,341)
(n=4,563)
(n=3,400)
(n=1,163)
Chronic Hypertension
Overallb
18,064/1,574,176
1.00 (ref)
1.11 (1.06, 1.17)
1.06 (1.00, 1.13)
1.28 (1.16, 1.41)
<0.0001
1-10 years
1,273/573,557
1.00 (ref)
1.43 (1.20, 1.70)
1.22 (0.99, 1.51)
2.07 (1.56, 2.75)
<0.0001
11-20 years
5,471/520,984
1.00 (ref)
1.07 (0.98, 1.18)
0.96 (0.86, 1.08)
1.45 (1.23, 1.71)
0.002
21-30 years
7,809/351,212
1.00 (ref)
1.08 (1.00, 1.17)
1.05 (0.96, 1.16)
1.17 (1.00, 1.37)
0.03
31-40 years
3,241/117,903
1.00 (ref)
1.10 (0.97, 1.25)
1.17 (1.01, 1.34)
0.92 (0.71, 1.19)
0.54
Type 2 Diabetes Mellitus
Overallb
2,821/1,832,561
1.00 (ref)
1.17 (1.03, 1.33)
1.06 (0.91, 1.24)
1.48 (1.19, 1.83)
0.0007
c
1-10 years
41/560,826
1.00 (ref)
2.83 (1.32, 6.06)
3.22 (1.39, 7.47)
1.94 (0.44, 8.70)
0.04
11-20 years
528/567,508
1.00 (ref)
1.33 (1.01, 1.76)
1.20 (0.86, 1.67)
1.77 (1.10, 2.84)
0.01
21-30 years
1,300/462,511
1.00 (ref)
1.11 (0.91, 1.34)
1.00 (0.79, 1.26)
1.40 (1.01, 1.94)
0.09
31-40 years
885/201,537
1.00 (ref)
1.13 (0.89, 1.42)
0.99 (0.74, 1.32)
1.46 (1.01, 2.11)
0.09
Hypercholesterolemia
Overallb
31,183/1,454,258
1.00 (ref)
1.07 (1.03, 1.11)
1.06 (1.01, 1.11)
1.09 (1.01, 1.18)
0.002
1-10 years
4,555/563,056
1.00 (ref)
1.13 (1.02, 1.25)
1.10 (0.98, 1.24)
1.23 (1.01, 1.50)
0.01
11-20 years
10,368/483,647
1.00 (ref)
1.07 (1.00, 1.15)
1.05 (0.97, 1.14)
1.11 (0.97, 1.27)
0.05
21-30 years
11,373/305,674
1.00 (ref)
1.02 (0.95, 1.09)
1.01 (0.94, 1.10)
1.02 (0.89, 1.17)
0.66
31-40 years
4,634/94,215
1.00 (ref)
1.07 (0.96, 1.19)
1.09 (0.96, 1.23)
1.03 (0.84, 1.25)
0.39
Models are adjusted for age at first birth, age in 1989, race/ethnicity, parental education, family history of hypertension (for the chronic
hypertension model), family history of type 2 diabetes mellitus (for the type 2 diabetes mellitus model), pre-pregnancy BMI, pre-pregnancy
smoking, pre-pregnancy Alternative Healthy Eating Index (AHEI) score (in quintiles), pre-pregnancy alcohol intake, pre-pregnancy (age 18)
physical activity, and pre-pregnancy oral contraceptive use.
a
Exposure (preterm delivery) was included in model as a continuous variable with 40 weeks representing term delivery, 36 weeks representing
moderate preterm delivery, and 30 weeks representing very preterm delivery.
b
Includes all 49 years of follow-up for chronic hypertension and hypercholesterolemia and 50 years for T2DM.
c
Asian race and other race were combined as there were 0 diabetes cases in Asian women; women who were underweight (n=1,260) or missing
BMI (n=501) were excluded because there were 0 cases in these BMI groups.
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follow-up, but maintained statistical significance through 20 years after first birth (1.33; 95% CI:
1.01, 1.76). Women who delivered moderately preterm had a 3.2-fold higher rate (95% CI: 1.39,
7.47) of developing T2DM in the first 10 years after first birth compared to women who
delivered at term, but no increased rate from 11-40 years after first birth. In contrast, there was
no increased rate of T2DM in the first 10 years after a very preterm first birth, but a significantly
higher rate from 11-40 years after first birth (Table 2.2).
For hypercholesterolemia, women who delivered preterm had a 1.07-fold increased rate
(95% CI: 1.03, 1.11) compared to women who delivered term. We also observed the highest HR
for hypercholesterolemia in the first 10 years following preterm delivery (1.13; 95% CI: 1.02,
1.25). This increased rate appeared to be driven by the very preterm group, which had a 23%
increased rate (95% CI: 1.01, 1.50) of developing hypercholesterolemia in the first 10 years after
first birth compared to women who delivered at term. However, the association between very
preterm delivery and hypercholesterolemia became attenuated after the first 10 years (Table 2.2).
To demonstrate the impact of adjustment for various pre-pregnancy lifestyle factors and
family history, Appendix Table 2.4 shows HRs over all of follow-up with partial adjustment for
confounding. For chronic hypertension and hypercholesterolemia, age- and fully-adjusted
models were similar. However, for T2DM, we observed attenuation in the HRs for Model 2 as
compared to Model 1, which was driven primarily by adjustment for family history of T2DM.
Figure 2.1 presents CVD risk profile specific cumulative incidence curves by preterm
delivery status in first birth. The cumulative incidence of each risk factor was highest in women
who delivered very preterm for both the low and high-risk CVD profiles. Differences in absolute
risk were more pronounced in the high-risk CVD profile group than the low-risk profile group
for chronic hypertension and T2DM, but not for hypercholesterolemia. Divergence in the
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Figure 2.1: CVD risk-profile-specific cumulative incidence curves for CVD risk factor
development by preterm delivery in first birth
a

High Risk CVD Profile denotes the following characteristics before first pregnancy: mean age at
first birth (age=27) and in 1989 (age=35), white, <9 years of parental education, obese BMI (≥30
kg/m2), current smoker, unhealthiest diet (1st quintile of AHEI), no alcohol consumption, no
physical activity, no oral contraceptive use, family history of hypertension (hypertension model)
or diabetes (diabetes model)
b

Low Risk CVD Profile denotes the following characteristics before first pregnancy: mean age at
first birth (age=27) and in 1989 (age=35), white, ≥16 years of parental education, healthy BMI
(18.5-24.9 kg/m2), never smoker, healthiest diet (5th quintile of AHEI), 1 alcoholic drink per day,
10-12 months of physical activity per year, no oral contraceptive use, no family history of
hypertension (hypertension model) or diabetes (diabetes model)
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cumulative incidence curves between preterm delivery exposure groups occurred immediately in
the high-risk CVD profile for chronic hypertension and at 10 years for T2DM.
Given that over half of the very preterm first births were stillbirths, we further evaluated
the very preterm association separately in women whose first pregnancy resulted in a live birth
(n=546) and those with a stillbirth (n=611). Risk patterns were generally similar for associations
between very preterm live birth and stillbirth and each CVD risk factor; the relative risk
primarily decreased over time, although the magnitudes varied between women who delivered
live and stillbirths (Appendix Table 2.5). However, in women whose first very preterm delivery
resulted in stillbirth, the rate of T2DM increased over time compared to women who delivered at
term, with the highest HR occurring 31-40 years after first birth (1.85; 95% CI: 1.18, 2.90).
In examining the association between recurrent preterm deliveries and CVD risk factors
in fully adjusted models, there was a 10% higher rate (95% CI: 1.01, 1.19) of chronic
hypertension in women who delivered their first pregnancy at term and had at least one
additional preterm delivery compared to women who had at least two births all of which were
term. There were otherwise no associations between recurrent preterm delivery and chronic
hypertension, T2DM, or hypercholesterolemia (Table 2.3).
Sensitivity Analyses
While the first pregnancy in our cohort occurred in 1964, the earliest date a woman could
report a diagnosis of chronic hypertension or hypercholesterolemia was 1982 (based on the 1989
questionnaire response categories). Therefore, women whose first births were before 1982
contributed person-time during which, by design, they could not have developed chronic
hypertension or hypercholesterolemia (i.e. immortal person-time). To test the impact of including
this person-time in our primary analyses, we excluded person-time contributed before 1982
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Table 2.3: Multivariable-adjusted hazard ratios (95% confidence intervals) for history of preterm deliveries and cardiovascular risk
factors at age 40 or later, among women with no births at age 40 or later
Chronic Hypertension
Type 2 Diabetes Mellitus
Hypercholesterolemia
Second or
First
Cases/PersonCases/PersonCases/Personlater
HR (95% CI)
HR (95% CI)
HR (95% CI)
Pregnancy
Years
Years
Years
pregnancies
Term

All Term

9,247/504,927

1.00 (ref)

1,198/614,820

1.00 (ref)

15,341/475,246

1.00 (ref)

Term

Any Preterm

663/33,824

1.10 (1.01, 1.19)

105/41,622

1.23 (1.00, 1.51)

1,066/32,336

1.04 (0.98, 1.11)

Term

No Births

1,785/96,868

1.01 (0.96, 1.07)

244/118,769

1.02 (0.88, 1.18)

2,971/90,498

1.00 (0.95, 1.04)

Preterm

All Term

445/23,042

1.09 (0.99, 1.20)

60/28,114

1.11 (0.86, 1.44)

708/21,798

1.04 (0.96, 1.12)

Preterm

Any Preterm

353/18,036

1.06 (0.95, 1.18)

45/22,244

0.89 (0.66, 1.19)

581/17,026

1.03 (0.95, 1.12)

Preterm

No Births

214/11,089

1.07 (0.93, 1.22)

35/13,851

1.24 (0.88, 1.76)

359/10,588

1.04 (0.94, 1.16)

Models are adjusted for age at first birth, age in 1989, race/ethnicity, parental education, family history of hypertension (for the chronic
hypertension model), family history of type 2 diabetes mellitus (for the type 2 diabetes mellitus model), pre-pregnancy BMI, pre-pregnancy
smoking, pre-pregnancy Alternative Healthy Eating Index (AHEI) score (in quintiles), pre-pregnancy alcohol intake, pre-pregnancy (age 18)
physical activity, pre-pregnancy oral contraceptive use, and parity at age 40.

54

(198,461 person-years for chronic hypertension and 199,650 person-years for
hypercholesterolemia) and obtained similar results.
Additionally, because preterm delivery was retrospectively reported in 2001 or 2009, we
performed a purely prospective analysis with follow-up only from 2009 to 2013, when women
were a median of 28 (IQR: 23, 33) years since first birth. We found no significant associations
between preterm delivery and the CVD risk factors, which is generally consistent with the
attenuation of the relative risk 21-40 years after first birth in the primary analysis.
Finally, analyses using an alternative clinical hypertension outcome (including antihypertensive medication use as well as self-reported high blood pressure), including probable
cases of T2DM in addition to definite cases, and excluding multiples yielded similar results to
primary analyses (data not shown).
DISCUSSION
Women with a history of preterm delivery in first birth were at higher risk of developing
chronic hypertension, T2DM, and hypercholesterolemia later in life; this increased risk was
strongest in the first 10 years following a preterm delivery. We found a 2.8-fold increased risk of
developing T2DM, 43% increased risk of chronic hypertension, and 13% increased risk of
hypercholesterolemia in the first 10 years after a preterm delivery. Associations were generally
stronger for women who delivered very preterm. For women with high-risk CVD profiles before
pregnancy, risk curves diverged immediately following a preterm delivery for chronic
hypertension and at 10 years for T2DM, while there was no separation between preterm
exposure groups for hypercholesterolemia.
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While some studies have reported higher blood pressure in women who have delivered an
infant preterm, those that account for HDP are generally null.22-25 The exception is a large
registry-based study from Denmark that followed women 12-15 years after delivery and reported
a 1.3 to 1.5 fold increased risk of hypertension for moderate and very preterm delivery,
respectively, after adjusting for HDP.17 Our study, which excluded first pregnancies complicated
by HDP, found increased risks of similar magnitude in the first 10 years after preterm delivery,
which disappeared in the moderate preterm group, but persisted in the very preterm group for up
to 30 years.
Our analysis evaluating the association between preterm delivery and T2DM builds on an
earlier NHSII study by incorporating the more comprehensive 2009 reproductive questionnaire
data and extending the maximum follow-up time to 50 years.21 The results from the current
analysis are similar to the prior study in that moderate preterm delivery was associated with
T2DM only in the first 10 years after first pregnancy and the increased risk in women with very
preterm delivery emerged in the second decade after pregnancy. However, with more follow-up,
we now observed that the increased risk of T2DM in women who delivered very preterm persists
even through 40 years after pregnancy. Although studies examining the associations between
preterm delivery and insulin or glucose levels in the years following pregnancy are
inconsistent,19, 24, 25 the studies that evaluate T2DM report elevated risk in women with a history
of preterm delivery,17, 20 consistent with our results.
To our knowledge, no studies have specifically evaluated the association between
preterm delivery and the development of hypercholesterolemia, but studies looking at changes in
lipid levels after pregnancy are largely consistent with our results.19, 22-25 We found a significant
increased risk of hypercholesterolemia only in the first 10 years after a very preterm delivery; no
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associations were found in women who delivered an infant moderately preterm. Three studies
report no differences in total cholesterol, low-density lipoprotein cholesterol (LDL-C), and
triglycerides comparing women who delivered preterm to those who delivered at term.23-25 Since
moderate preterm delivery is more common than very preterm delivery,18 these null results may
be driven by moderate preterm delivery, which, in our data, was not associated with
hypercholesterolemia. Consistent with our results, two studies with follow-up of less than 12
years since pregnancy show higher lipid levels and odds of hypertriglyceridemia, particularly in
women who delivered very preterm.19, 22
The primary weaknesses of our study are exposure and outcome misclassification as
gestation length, chronic hypertension, and hypercholesterolemia were all self-reported.
However, validation studies of preterm delivery and chronic hypertension in the NHSII cohort
and hypercholesterolemia in a similar cohort of nurses suggest good accuracy.27, 31 The lack of
information on statin use prior to 1999 may have resulted in additional misclassification of
hypercholesterolemia early in follow-up as women may have not reported hypercholesterolemia
because it was controlled by statins. We expect non-differential misclassification of the exposure
and outcome, yielding bias towards the null. Additionally, the exact timing of the development
of chronic hypertension and hypercholesterolemia were not known, but sensitivity analyses using
parametric models for interval censored outcomes yielded similar conclusions to our primary
analyses.
Since participants had to survive to 2001 or 2009 to report their pregnancy history, there
is the potential that women who were lost to follow-up or died before this time were at higher
risk of both preterm delivery and CVD risk factors. However, 98.3% of NHSII participants were
alive in 2009, and our analysis with follow-up starting in 2009 obtained similar results to the
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primary analysis. We were also unable to separate preterm delivery into spontaneous or
medically induced, however, as HDP and GDM are both indications for preterm delivery,7, 32 and
women reporting these were excluded, many preterm deliveries in our analysis were likely
spontaneous. Our results are subject to residual or unmeasured confounding; however, this study
represents the most complete control of confounding for the preterm-CVD risk factors
associations in the literature. Furthermore, adjustment for family history and established CVD
lifestyle risk factors did not lead to strong attenuation of the associations. Therefore, it is unlikely
that an unmeasured confounder would be strong enough to explain away the associations
observed. Lastly, 93% of our study population was white, limiting generalizability, particularly
because preterm delivery is more common in African-Americans and may result from different
underlying causes.50
Despite these weaknesses, our study has various strengths. We had a large sample size
(n=57,904) with the longest follow-up currently available in the literature. Women were
followed for a median of 28 years for chronic hypertension, 32 years for diabetes, and 26 years
for hypercholesterolemia, and up to 50 years after first birth. We were able to control for many
established pre-pregnancy CVD lifestyle risk factors, including smoking, BMI, family history,
and diet. Finally, this is the first study to describe the trajectories of the development of chronic
hypertension and hypercholesterolemia after preterm delivery, which may inform prevention and
screening protocols.
The causes of preterm delivery are multifactorial and include inflammation, infection,
and vascular disease.50 Dyslipidemia and high C-reactive protein and Interleukin-6 levels during
pregnancy have been shown to be associated with preterm delivery.51-53 Similarly, adverse lipid
levels and inflammation are involved in the pathogenesis of atherosclerosis, the development of
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clinical CVD risk factors, and ultimately, CVD events.54-57 Preterm delivery is likely to be a
marker of underlying subclinical CVD risk, rather than a cause of vascular and inflammatory
changes resulting in a faster trajectory to the development of CVD risk factors and events.
Regardless, preterm delivery provides an early look into a woman’s future CVD risk, and is
generally observed before a woman develops chronic hypertension, T2DM, and
hypercholesterolemia, Thus, clinicians may be able to use information regarding a woman’s
history of preterm delivery to inform targeted prevention strategies and screening protocols that
could be implemented soon after a preterm delivery. Linkage of obstetric medical records with
primary care records would additionally allow clinicians to easily glean information on a
woman’s pregnancy history to facilitate the implementation of these protocols.
Further investigation of the association between preterm delivery and the development of
clinical CVD risk factors in a more diverse population is warranted as the incidence and causes
of preterm delivery vary by race/ethnicity.50 Additionally, evaluations of spontaneous and
medically induced preterm delivery, as well as preterm premature rupture of membranes, may
reveal different relationships with CVD risk and provide insight into mechanisms linking
preterm delivery and CVD. Prior research has shown that the development of chronic
hypertension, T2DM, and hypercholesterolemia after preterm delivery only explains part of the
association between preterm delivery and CVD events,10 thus continued investigation into novel
pathways connecting preterm delivery and CVD is necessary. Finally, the utility of including
preterm delivery in established CVD risk prediction scores has not yet been assessed and may
yield improvements in CVD risk prediction in women.
In conclusion, women who delivered an infant preterm were at higher risk of developing
chronic hypertension, T2DM, and hypercholesterolemia after pregnancy. This increased risk was
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particularly pronounced in the first 10 years after a preterm delivery, which may be an important
time period to implement lifestyle interventions to delay or prevent the development of CVD risk
factors.
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APPENDIX
Table 2.4: Multivariable-adjusted hazard ratios (95% confidence intervals) for preterm delivery in first birth and cardiovascular risk
factors
Term:
Preterm:
Moderate Preterm:
Very Preterm:
≥37 weeks
<37 weeks
<32 weeks
32 to <37 weeks
p-trenda
(n=53,341)
Chronic Hypertension
Cases/Person-Years 16,557/1,453,407
Model 1
1.00 (ref)
Model 2
1.00 (ref)
Model 3
1.00 (ref)
Type 2 Diabetes Mellitus
Cases/Person-Years 2,557/1,689,982
Model 1
1.00 (ref)
Model 2
1.00 (ref)
Model 3
1.00 (ref)
Hypercholesterolemia
Cases/Person-Years 28,656/1,342,159
Model 1
1.00 (ref)
Model 2
1.00 (ref)
Model 3
1.00 (ref)

(n=4,563)

(n=3,400)

(n=1,163)

1,507/120,769
1.12 (1.06, 1.18)
1.11 (1.06, 1.17)
1.11 (1.06, 1.17)

1,079/90,279
1.06 (1.00, 1.13)
1.06 (1.00, 1.13)
1.06 (1.00, 1.13)

428/30,490
1.29 (1.17, 1.41)
1.28 (1.16, 1.41)
1.28 (1.16, 1.41)

<0.0001
<0.0001
<0.0001

264/142,579
1.24 (1.09, 1.40)
1.18 (1.04, 1.35)
1.17 (1.03, 1.33)

173/105,729
1.10 (0.94, 1.28)
1.07 (0.92, 1.25)
1.06 (0.91, 1.24)

91/36,850
1.62 (1.32, 2.00)
1.50 (1.22, 1.85)
1.48 (1.19, 1.83)

<0.0001
0.0003
0.0007

2,527/112,099
1.07 (1.03, 1.11)
1.07 (1.02, 1.11)
1.07 (1.03, 1.11)

1,866/83,267
1.06 (1.01, 1.11)
1.06 (1.01, 1.11)
1.06 (1.01, 1.11)

661/28,832
1.09 (1.01, 1.18)
1.09 (1.01, 1.18)
1.09 (1.01, 1.18)

0.001
0.002
0.002

Model 1 is adjusted for age at first birth and age in 1989.
Model 2 is additionally adjusted for race/ethnicity, parental education, family history of hypertension (for the chronic hypertension model),
and family history of type 2 diabetes mellitus (for the type 2 diabetes mellitus model).
Model 3 is additionally adjusted for pre-pregnancy BMI, pre-pregnancy smoking, pre-pregnancy Alternative Healthy Eating Index (AHEI)
score (in quintiles), pre-pregnancy alcohol intake, pre-pregnancy (age 18) physical activity, and pre-pregnancy oral contraceptive use.
a
Exposure included in model as a continuous variable with 40 weeks representing term delivery, 36 weeks representing moderate preterm
delivery, and 30 weeks representing very preterm delivery.
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Table 2.5: Multivariable-adjusted hazard ratios (95% confidence intervals) for preterm delivery in first birth classified by live and
stillbirth and cardiovascular risk factors
Cases/PersonYears
Chronic Hypertension
Overallb
18,004/1,569,964
1-10 years
1,269/571,948
11-20 years
5,455/519,593
21-30 years
7,779/350,306
31-40 years
3,233/117,627
Type 2 Diabetes Mellitus
Overallb
2,814/1,827,461
1-10 yearsc
41/559,277
11-20 years
526/565,930
21-30 years
1,295/461,258
31-40 years
885/200,962
Hypercholesterolemia
Overallb
31,090/1,450,172
1-10 years
4,545/561,485
11-20 years
10,340/482,278
21-30 years
11,338/304,799
31-40 years
4,614/93,958

32 to <37 weeks
(n=3,385)

Very Preterm
Live Birth:
<32 weeks
(n=546)

Very Preterm
Stillbirth:
<32 weeks
(n=611)

1.00 (ref)
1.00 (ref)
1.00 (ref)
1.00 (ref)
1.00 (ref)

1.06 (1.00, 1.13)
1.22 (0.98, 1.51)
0.96 (0.86, 1.08)
1.05 (0.95, 1.15)
1.16 (1.01, 1.34)

1.33 (1.16, 1.53)
2.21 (1.50, 3.27)
1.58 (1.25, 1.99)
1.05 (0.82, 1.33)
1.16 (0.82, 1.62)

1.25 (1.09, 1.42)
1.97 (1.32, 2.94)
1.37 (1.09, 1.73)
1.28 (1.04, 1.57)
0.73 (0.49, 1.07)

<0.0001
<0.0001
0.001
0.01
0.89

1.00 (ref)
1.00 (ref)
1.00 (ref)
1.00 (ref)
1.00 (ref)

1.06 (0.91, 1.24)
3.37 (1.45, 7.83)
1.20 (0.86, 1.68)
0.99 (0.78, 1.26)
0.99 (0.74, 1.32)

1.38 (0.99, 1.91)
3.88 (0.84, 17.87)
2.21 (1.21, 4.04)
1.18 (0.69, 1.99)
1.03 (0.55, 1.92)

1.58 (1.20, 2.09)
-1.37 (0.64, 2.90)
1.61 (1.08, 2.42)
1.85 (1.18, 2.90)

0.0002
0.17
0.03
0.04
0.03

1.00 (ref)
1.00 (ref)
1.00 (ref)
1.00 (ref)
1.00 (ref)

1.06 (1.01, 1.11)
1.10 (0.98, 1.23)
1.06 (0.98, 1.15)
1.02 (0.94, 1.10)
1.07 (0.95, 1.21)

1.06 (0.94, 1.18)
1.31 (1.01, 1.72)
1.00 (0.82, 1.22)
1.02 (0.84, 1.25)
0.95 (0.70, 1.29)

1.11 (1.00, 1.24)
1.17 (0.88, 1.56)
1.21 (1.01, 1.45)
1.01 (0.84, 1.21)
1.07 (0.83, 1.38)

0.004
0.02
0.03
0.73
0.50

Term:

Moderate Preterm:

≥37 weeks
(n=53,200)

p-trenda

Models are adjusted for age at first birth, age in 1989, race/ethnicity, parental education, family history of hypertension (for the chronic hypertension model),
family history of type 2 diabetes mellitus (for the type 2 diabetes mellitus model), pre-pregnancy BMI, pre-pregnancy smoking, pre-pregnancy Alternative
Healthy Eating Index (AHEI) score (in quintiles), pre-pregnancy alcohol intake, pre-pregnancy (age 18) physical activity, and pre-pregnancy oral
contraceptive use.
a
Exposure included in model as a continuous variable with most common gestation length as the value to represent each category.
b
Includes all 49 years of follow-up for chronic hypertension and hypercholesterolemia and 50 years for type 2 diabetes mellitus.
c
Asian race and other race were combined as there were 0 diabetes cases in Asian women; women who were underweight (n=1,256) or missing BMI (n=498)
were excluded because there were 0 cases in these BMI groups; there were 0 cases in the very preterm stillbirth group, thus the hazard ratio was inestimable.
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ABSTRACT
Preterm delivery is associated with a 1.4- to 2-fold increased risk of cardiovascular
disease (CVD), but the inclusion of preterm delivery in CVD risk prediction algorithms has not
been tested. We evaluated whether including preterm delivery and parity in CVD risk scores
improved identification of women at high risk compared to scores based on traditional risk
factors. We predicted 10-year CVD risk using 120,480 observations contributed by 77,038
women from the Nurses’ Health Study II. Cox proportional hazards models were fit with the
established CVD risk factors (Model 1) and the established risk factors plus preterm delivery and
parity (Model 2). We evaluated model fit, calibration, discrimination, and risk reclassification.
Model 2 had improved fit relative to Model 1, but discrimination was not significantly improved
in Model 2 based on the C-difference or net reclassification index. Similar models for 20-year
CVD risk prediction indicated improved discrimination when including preterm delivery and
parity. Incorporating preterm delivery and parity into CVD risk scores appears most useful when
women are young, before they develop established CVD risk factors. The observed
improvements in risk prediction were small and warrant further investigation to confirm our
findings and assess utility in a clinical setting.
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INTRODUCTION
Cardiovascular disease (CVD) is a leading cause of morbidity and mortality in the United
States, with nearly 37% of people over the age of 20 living with CVD and resulting in over
800,000 deaths in 2014 (1). Identification of individuals at high risk for CVD is essential to
prevent its development, target screening, and ultimately reduce the burden of CVD.
To identify people at high risk, established CVD risk factors, including blood pressure,
anti-hypertensive medication use, total and high-density lipoprotein (HDL) cholesterol, smoking,
and diabetes have been incorporated into risk prediction scores to predict 10-year and long term
CVD risk (2-5). More recently, female-specific CVD markers, such as preeclampsia, gestational
diabetes mellitus, preterm delivery, and birth of an infant small for gestational age, have been
recognized as predictors of CVD. In 2011, the American Heart Association endorsed some of
these pregnancy complications as CVD risk factors and suggested that clinicians obtain a
detailed pregnancy history (6). However, the utility of including these female-specific markers
into clinical CVD risk prediction scores has not been evaluated.
Ten percent of deliveries in the US are preterm (7) and women who have delivered an
infant preterm are at about 1.4- to 2-fold increased risk of CVD depending on the degree of
prematurity (8-16). Additionally, less than 20% of the elevated CVD risk appears due to the later
development of hypertension, hypercholesterolemia, and type 2 diabetes mellitus (16). Since
traditional CVD risk scores utilize information on blood pressure, diabetes, and lipid levels and
much of the increased risk associated with preterm delivery is independent of these (16), the
addition of preterm delivery into risk algorithms may improve CVD risk prediction in women.
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To evaluate whether the inclusion of preterm delivery into 10-year and long term CVD
risk scores improves prediction in women, we compared the performance of models using
established CVD risk factors from the Pooled Cohort Equation (2) to models that additionally
included preterm delivery and parity. We hypothesized that the incorporation of preterm delivery
would improve identification of women at high risk. Furthermore, since preterm delivery
typically occurs in young adulthood, generally before the development of clinical CVD risk
factors, we hypothesized that its inclusion into CVD risk scores would have more impact at
younger ages.
METHODS
Study Population
The study population was drawn from the Nurses’ Health Study II (NHSII), a
longitudinal, prospective cohort of 116,429 nurses with active follow-up beginning 1989, when
participants were 25-42 years of age. Every two years, participants were mailed questionnaires
which collected information on lifestyle and behavioral factors and incident disease. This study
was approved by the Partners Human Research Committee (Institutional Review Board) of
Brigham and Women’s Hospital. Return of the questionnaires was considered informed consent.
Established Cardiovascular Disease Risk Factors
Participants reported current smoking, anti-hypertensive medication use, and incident
diabetes diagnoses (not during pregnancy) on all biennial questionnaires. Self-reported diabetes
was subsequently confirmed according to American Diabetes Association criteria (17, 18) using
a supplemental questionnaire that collected information about symptoms, diagnostic tests, and
hypoglycemic therapy. A validation study in a similar cohort confirmed 98% of self-reported
diabetes diagnoses (19). In 1989 and 1999, participants self-reported “current usual blood
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pressure (if checked within 2 years)” in categories. The midpoint of each systolic blood pressure
(SBP) category was assigned as the continuous SBP for each woman. Validation of self-reported
hypertension compared to medical records in a subset of NHSII participants resulted in 94%
sensitivity and 85% specificity (20).
Plasma total and HDL cholesterol for all women in the NHSII were predicted from
measured blood samples that were available in a subset of NHSII women who were included in
previous sub-studies (nested case-control studies of chronic disease or cohort studies of lifestyle
exposures). In total, 29,611 women provided a blood sample between 1996 and 2001. Measured
total cholesterol was available in 3,994 participants after excluding women who did not complete
the questionnaire at the time of blood draw (n=373), did not have total cholesterol measured in
their blood sample (n=24,923), had cancer before the blood draw (n=13), were missing lab
information (n=2) or data on diet or body mass index (BMI) before blood draw (n=305), or had
measured cholesterol >500mg/dl (n=1). Measured HDL cholesterol was available for 1,182
women after excluding those who did not complete the questionnaire at the time of blood draw
(n=373), did not have HDL cholesterol measured in their blood sample (n=28,000), had cancer
before the blood draw (n=13), or were missing data on diet or body mass index (BMI) before
blood draw (n=43).
Multivariable linear regression models were fit separately in women with measured total
and HDL cholesterol and included the following covariates as predictors: age, race, smoking,
alcohol consumption, body mass index (BMI), physical activity, menopausal status, postmenopausal hormone use, hypertension, type 2 diabetes mellitus, serum cholesterol (selfreported in categories in 1989), elevated cholesterol, family history of CVD before age 60, fiber
intake, total caloric intake, and percent calories from polyunsaturated fatty acids,
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monounsaturated fatty acids, saturated fat, trans fat, and protein. Covariate information was
taken from the blood questionnaire or the biennial questionnaire closest, but prior, to the blood
draw. Women who were missing information on the covariates included in the total and HDL
cholesterol prediction models were assigned missing total and HDL cholesterol values and were
excluded from the CVD risk prediction analysis.
Predicted total and HDL cholesterol were calculated for each woman in NHSII at each
questionnaire cycle by multiplying each regression coefficient by that woman’s covariate values
and summing across covariates. The top and bottom 0.5% of predicted total and HDL cholesterol
at each questionnaire cycle were set to missing to avoid extreme values. For the subset of women
with measured total and HDL cholesterol, we calculated Spearman correlations between their
measured values and predicted values in 1997 and 1999, the questionnaire cycles closest to the
blood draw. In 1997 and 1999, we observed correlations of 0.56 and 0.58, respectively, for total
cholesterol and 0.52 and 0.50, respectively, for HDL cholesterol.
Preterm Delivery and Parity
In 2009, women provided the gestation length of all pregnancies in the following
categories: <8, 8-11, 12-19, 20-27, 28-31, 32-36, 37-39, 40-42, and ≥43 completed weeks. For
women who did not complete the 2009 questionnaire (n=10,644), data from the 2001
questionnaire (which queried on the gestation length of pregnancies lasting at least 12 weeks)
were used. Categories of gestation length were collapsed into term (≥37 weeks), moderate
preterm (32 to <37 weeks), and very preterm (20 to <32 weeks). Women were assigned to the
gestation length category that corresponded to their shortest gestation length at the time of entry
into the risk prediction model. Women who reported at least one pregnancy lasting 20 weeks or
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more were considered to be parous. Gestation length and parity were combined into a 4-category
variable for modeling: nulliparous, term, moderate preterm, and very preterm.
Self-reported gestation length was validated against medical records in 403 NHSII
participants who reported preeclampsia/toxemia between 1991 and 2001. This resulted in a
sensitivity of 81% and specificity of 92% for dichotomous preterm delivery (<37 weeks, ≥37
weeks) and a Kappa statistic of 0.74 for 3 categories of preterm delivery (term, moderate
preterm, very preterm), suggesting good validity.
Cardiovascular Disease Endpoints
In 1989, participants reported a previous diagnosis of “myocardial infarction (MI) or
angina” or “stroke (CVA) or transient ischemic attack (TIA)”. On subsequent biennial
questionnaires, participants self-reported physician diagnoses of incident MI or stroke and the
year of diagnosis. Permission to obtain medical records was requested from participants who
reported a diagnosis or their next of kin if deceased. MIs were confirmed using the World Health
Organization criteria of acute symptoms plus elevated cardiac enzymes or diagnostic
electrocardiographic findings (21), while fatal coronary heart disease (CHD) was confirmed with
hospital or autopsy records if CHD was noted as the cause of death in a woman with a known
history of CHD. Strokes were classified according to the National Survey of Stroke criteria,
which require a neurological deficit with sudden or rapid onset that persisted for ≥24 hours or
until death (22). Events for which medical records were obtained and that met the above criteria
were considered confirmed cases, while those which were acknowledged by the participant or
their next of kin, but for which records were not acquired were considered probable. Our analysis
included definite or probable MI, fatal CHD, and fatal and non-fatal stroke.
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Exclusions
To maximize the 25 years of active follow-up from 1989 to 2013 included in our analysis
of 10-year risk prediction, we divided the time into three independent intervals of ≤10 years:
1989-1993, 1994-2003, 2004-2013. We created these ≤10 year intervals starting at the end of
follow-up in 2013 and going backwards to enable the complete 10-year intervals to capture the
years when we expected women to be at the highest risk of CVD. Women were allowed to
contribute person-time to one or more of these intervals as long as they met the eligibility criteria
at the start of each interval. The following exclusion criteria were applied at the start of each
interval and are detailed in Figure 3.1: <40 years of age (since the Pooled Cohort Equations were
developed in people ≥40 years old (2)); CVD, death, or lost to follow-up before the start of the
interval; did not complete a pregnancy history questionnaire; missing valid year of pregnancy;
<14 or >50 years old at first birth; or missing data on model covariates (smoking, systolic blood
pressure, total cholesterol, or HDL cholesterol). This resulted in 120,480 observations
contributed by 77,038 women.
For longer term CVD risk prediction, we did not divide active follow-up into intervals.
Rather, we employed 20-year risk prediction models where women were allowed to contribute
person-time to the model from the first questionnaire cycle in which they reached the eligible age
for entry (≥40 or ≥30 years of age depending on the model), were under active follow-up, and
were not excluded based on the other criteria listed above. For 20-year risk prediction, we tested
separate models including women ≥ 30 years (n=73,338) and including women ≥ 40 years
(n=73,000).
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Figure 3.1: Flow diagram of Nurses’ Health Study II participants and exclusion criteria by time
period of follow-up for 10-year CVD risk prediction
a

Current smoking, systolic blood pressure, total cholesterol, or HDL-cholesterol
N=44,385 women contributed person-time to the analysis from only 1 interval, n=21,864
women contributed person-time to the analysis from 2 intervals, and n=10,789 women
contributed person-time to the analysis from all 3 intervals
b

Statistical Analysis
Baseline characteristics of the study population were age-standardized and compared by
preterm delivery and parity. The parameterization of the established CVD risk factor model was
adapted from the Pooled Cohort Equation for white women (2), as 93% of our sample was white.
The Pooled Cohort Equation is based on a Cox proportional hazards regression model that
includes log transformations of age, age squared, total and HDL cholesterol, treated SBP (takes
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the value of SBP if on anti-hypertensive medication and 0 otherwise), and untreated SBP (takes
the value of SBP if not using anti-hypertensive medication and 0 otherwise), indicators for
current smoking and diabetes, and interactions between age and all variables except diabetes. We
evaluated the fit of this model in our data in comparison to simpler models without log
transformations and age interactions and found similar or better model fit. Thus, our final model
with established CVD risk factors (Model 1) included (untransformed) age, age squared, total
and HDL cholesterol, treated SBP, untreated SBP, and indicators for current smoking and
diabetes. The new model (Model 2) additionally included indicators for nulliparity, moderate
preterm, and very preterm (with term as the reference group).
To evaluate the utility of preterm delivery and parity in CVD risk prediction, we followed
the criteria for evaluation of novel risk markers from the American Heart Association (23).
Multivariable Cox proportional hazards regression models were fit with the established CVD risk
factors (Model 1) and with the established risk factors plus preterm delivery and parity (Model
2). For the 10-year risk prediction model, in which women could contribute multiple
observations, we incorporated the robust sandwich covariance matrix estimate to account for
correlated data. We compared the fit of these two models using the Akaike information criterion
(AIC) and a likelihood ratio test. Calibration of each model was investigated using the
Greenwood-Nam-D’Agostino test in which a non-significant P-value signifies sufficient
calibration (24). Discrimination was determined by calculating the C-index, an extension of the
area under the receiver-operating characteristic curve (25) for censored data, for Model 1 and
Model 2 and their difference (26). Net reclassification statistics, including the overall net
reclassification index (NRI), and the NRIs separately for women with and without a CVD event,
were calculated using pre-determined categories of low (<5%), intermediate (5- to <10%), and
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high (≥10%) CVD risk given the lower predicted risk of CVD in women compared to men (27,
28). Reclassification was also assessed using the continuous NRI and integrated discrimination
improvement, which are not based on risk categories. Confidence intervals for discrimination
and reclassification statistics were calculated using 1,000 bootstrap samples.
Sensitivity Analyses
An alternative dichotomous risk cut point of 7.5% was employed for the net
reclassification statistics given the American College of Cardiology and American Heart
Association’s 2013 recommendations for initiation of statin therapy (29). We also incorporated
body mass index in the models in place of predicted total and HDL cholesterol based on a
previously proposed non-laboratory based CVD risk score (30). Lastly, we corrected for
potential overfitting by adjusting for optimism using 1,000 bootstrap samples in discrimination
and reclassification statistics. All analyses were conducted using SAS 9.4 (SAS Institute Inc.,
Cary, NC). Calibration, discrimination, and reclassification statistics were calculated using
publicly available SAS macros (31).
RESULTS
Table 3.1 summarizes age-standardized characteristics at each entry into the 10-year risk
prediction model. Each woman is represented in this table up to three times based on the number
of intervals to which she contributed person-time in the 10-year risk prediction since her
covariate values were allowed to change at each time she entered the analysis. Approximately
4% of parous observations delivered at least one infant very preterm and about 10% delivered
moderately preterm. Nulliparous women contributed 18% of observations. Established CVD risk
factors were generally similar across preterm delivery and parity status, although women who
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delivered very preterm were slightly more likely to use anti-hypertensive medication and women
who had term births were less likely to be smokers and have diabetes.
Table 3.1: Age-standardized characteristics of Nurses’ Health Study II participants by preterm
delivery status for 10-year CVD risk prediction
Nulliparous

Term

(n=22,233)

(n=84,625)

Moderate
Preterm
(n=9,572)

1989-1993

10.4

11.2

10.4

11.6

1994-2003

31.4

29.3

27.0

32.2

2004-2013

58.2

59.6

62.6

56.1

Age, yearsa

47.2 (5.1)

47.2 (5.1)

47.0 (5.0)

47.3 (5.2)

Total cholesterolb, mg/dL

200.3 (23.2)

198.4 (22.3)

199.1 (22.4)

198.7 (22.1)

High density lipoproteincholesterolb, mg/dL

62.1 (10.3)

62.1 (9.0)

61.9 (9.2)

61.5 (9.1)

Systolic blood pressure, mmHg

118.0 (12.2)

116.8 (11.8)

117.5 (12.3)

117.0 (12.4)

Anti-hypertensive medication use

9.9

8.6

10.5

11.6

Current smoker

11.2

8.7

10.2

11.3

Diabetes

2.3

1.7

2.3

2.4

100.0

0.0

0.0

0.0

1 birth

0.0

18.3

16.9

12.2

2 births

0.0

49.9

47.5

24.6

≥3 births

0.0

31.8

35.7

63.2

Very Preterm
(n=4,050)

Parity
Nulliparous

Values are means (SD) or percentages and are standardized to the age distribution of the study
population.
Values of polytomous variables may not sum to 100% due to rounding.
Each woman is represented up to three times based on the number of intervals to which she contributed
person-time in the 10-year risk prediction, since her covariate values were allowed to change at each
time she entered the analysis.
a
Value is not age adjusted.
b
Total cholesterol and high density lipoprotein-cholesterol are predicted from measured values in a
subset of women.
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10-Year Risk Prediction at ≥40 Years of Age
We observed 823 incident cases of CVD over the three ≤10 year intervals. All established
CVD risk factors were associated with an increased risk of CVD, except HDL cholesterol, in
which higher levels reduced risk of CVD (Table 3.2, Model 1). In a crude model, very preterm
delivery was associated with a significantly increased rate of CVD (hazard ratio (HR): 1.76, 95%
confidence interval (CI): 1.30, 2.39), which was slightly attenuated, but persisted in the model
including the established CVD risk factors (HR: 1.63, 95% CI: 1.20, 2.21; Table 3.2, Model 2).
Estimated HRs for moderate preterm delivery suggested an increased risk of CVD, but were not
significant in both crude (HR: 1.18, 95% CI: 0.92, 1.51) and adjusted (HR: 1.13, 95% CI: 0.88,
1.45) models (Table 3.2).
When comparing the fit of Models 1 and 2 for 10-year CVD risk prediction, Model 2
offered improved fit with a lower AIC and significant likelihood ratio test (P=0.03, Table 3.3).
However, the addition of preterm delivery and parity did not improve discrimination (C-index:
Model 1=0.69, Model 2=0.69; C-difference: 0.002, 95% CI: -0.001, 0.005) or calibration,
although both models were adequately calibrated with P>0.05 (Table 3.3, Supplemental Figure
1). Similarly, overall net reclassification of observations into risk categories was not improved
by Model 2 (NRI: 0.0009, 95% CI: -0.005, 0.006) nor was the NRI for CVD events (NRI for
events: 0.001, 95% CI: -0.004, 0.007) (Table 3.4). While Model 2 correctly reclassified four
observations (0.5%) who had a CVD event into higher risk categories compared to Model 1, it
incorrectly reclassified three observations (0.4%) into lower risk categories (Table 3.4). In
contrast, the NRI for non-events was worsened with the inclusion of preterm delivery and parity
as 56 observations were incorrectly reclassified into higher risk categories, while only 25 were
correctly reclassified into lower risk categories (NRI for non-events: -0.0003, 95% CI: -0.0004, 80

0.0001) (Table 3.4). The continuous NRI and IDI – reclassification statistics not based on risk
categories – both suggested improved risk reclassification in Model 2 compared to Model 1
(Table 3.4).
Table 3.2: Hazard ratios, 95% confidence intervals, and p-values for preterm delivery and parity
in crude models, for the risk factors in the established 10-year CVD risk model (Model 1), and
for the risk factors plus preterm delivery and parity in the established 10-year risk model plus
preterm delivery and parity (Model 2)
Hazard Ratio (95% CI)
P-value
Crude Model
Nulliparous
1.16 (0.98, 1.39)
0.09
Moderate Preterm
1.18 (0.92, 1.51)
0.19
Very Preterm
1.76 (1.30, 2.39)
0.0003
Model 1: Established CVD Risk Factors
Age, years
1.02 (1.00, 1.04)
0.05
Age squared
1.00 (1.00, 1.00)
0.71
Total cholesterol, per 20 mg/dl
1.23 (1.15, 1.33)
<0.0001
HDL cholesterol, per 10 mg/dl
0.85 (0.79, 0.92)
<0.0001
Treated systolic blood pressure, per 10 mmHg
1.20 (1.13, 1.27)
<0.0001
Untreated systolic blood pressure, per 10 mmHg
1.16 (1.08, 1.23)
<0.0001
Current smoker (yes/no)
2.54 (2.14, 3.01)
<0.0001
Diabetes (yes/no)
1.58 (1.16, 2.16)
0.004
Model 2: Established CVD Risk Factors Plus Preterm Delivery and Parity
Age, years
1.02 (1.00, 1.04)
0.05
Age squared
1.00 (1.00, 1.00)
0.70
Total cholesterol, per 20 mg/dl
1.23 (1.15, 1.32)
<0.0001
HDL cholesterol, per 10 mg/dl
0.85 (0.79, 0.92)
<0.0001
Treated systolic blood pressure, per 10 mmHg
1.20 (1.13, 1.27)
<0.0001
Untreated systolic blood pressure, per 10 mmHg
1.16 (1.08, 1.23)
<0.0001
Current smoker (yes/no)
2.52 (2.13, 2.99)
<0.0001
Diabetes (yes/no)
1.57 (1.15, 2.15)
0.004
Nulliparous
1.06 (0.89, 1.26)
0.51
Moderate Preterm
1.13 (0.88, 1.45)
0.33
Very Preterm
1.63 (1.20, 2.21)
0.002
Abbreviations: CI: confidence interval, HDL cholesterol: high density lipoprotein cholesterol
Continuous variables centered at the mean
Reference group for preterm and parity is term delivery
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Table 3.3: Model fit, discrimination, and calibration statistics in 10- and 20-year CVD risk
prediction based on established CVD risk model (Model 1) and on established CVD risk model
plus preterm delivery and parity (Model 2)
Model 1
Established CVD
Risk Model

Model 2
Established CVD Risk
Model PLUS Preterm
Delivery and Parity

95%
Confidence
Interval

P-Value

10-year risk prediction at ≥40 years of age a
Model Fitd
AIC
18,678
18,674
0.03
Discrimination
C-index
0.69
0.69
C-difference
0.002
-0.001, 0.005
0.25
Calibration
GND P-valuee
0.07
0.06
Net Reclassification Indexf
0.0009
-0.005, 0.006
0.74
b
20-year risk prediction at ≥40 years of age
Model Fitd
AIC
19,263
19,256
0.003
Discrimination
C-index
0.66
0.67
C-difference
0.004
-0.0005, 0.008
0.09
Calibration
GND P-valuee
0.80
0.92
f
Net Reclassification Index
0.005
-0.006, 0.02
0.39
c
20-year risk prediction at ≥30 years of age
Model Fitd
AIC
20,078
20,067
<0.001
Discrimination
C-index
0.69
0.69
C-difference
0.004
0.0007, 0.008
0.02
Calibration
GND P-valuee
0.63
0.66
f
Net Reclassification Index
0.01
0.005, 0.02
0.002
a
10-year risk prediction model allows women to enter one, two, or three times at the start of each ≤10
year interval (1989-1993, 1994-2003, 2004-2013) if they meet the eligibility criteria at the beginning of
each interval.
b
Women enter the 20-year risk prediction models once: the first questionnaire cycle at which they are
≥40 years of age and meet the eligibility criteria.
c
Women enter the 20-year risk prediction models once: the first questionnaire cycle at which they are
≥30 years of age and meet the eligibility criteria.
d
P-value is from a likelihood ratio test comparing nested models.
e
Greenwood-Nam-D’Agostino Test; non-significant p-value indicates sufficient calibration.
f
Overall net reclassification index using 3 categories: <5%, 5%-<10%, ≥10%.
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Table 3.4: Net reclassification of 10-year CVD risk into low (<5%), intermediate (≥5 - <10%),
and high (≥10%) risk groups comparing the established risk factor model (Model 1) to a model
with the established risk factors plus preterm delivery and parity (Model 2)

Model 1: Established Risk Factors
Categories of Predicted 10-Year Risk

Model 2: Established Risk Factors Plus
Preterm Delivery and Parity
Categories of Predicted 10-Year Risk
Intermediate
Low Risk:
High Risk:
Risk:
<5%
≥10%
5% - <10%

Observations with incident CVD (n=823)
Low Risk: <5%
N
% Reclassified
Intermediate Risk: 5% - <10%
N
% Reclassified
High Risk: ≥10%
N
% Reclassified

Total
Reclassified

795
---

3
0.38

0
0.00

3
0.38

3
13.04

19
---

1
4.35

4
17.39

0
0.00

0
0.00

2
---

0
0.00

0
0.00

49
0.04

7
2.01

30
8.60

25
---

2
7.41

Observations without incident CVD (n=119,657)
Low Risk: <5%
N
119,232
49
% Reclassified
--0.04
Intermediate Risk: 5% - <10%
N
23
319
% Reclassified
6.59
--High Risk: ≥10%
N
0
2
% Reclassified
0.00
7.41
NRI: 0.0009, 95% CI: -0.005, 0.006, p=0.74
NRI for events: 0.001, 95% CI: -0.004, 0.007, p=0.67
NRI for non-events: -0.0003, 95% CI: -0.0004, -0.0001, p<0.001
Continuous NRI: 0.09, 95% CI: 0.02, 0.15, p<0.01
IDI: 0.0002, 95% CI: 0.0001, 0.0003, p<0.001

20-Year Risk Prediction at ≥40 Years of Age
Very preterm delivery was associated with a 77% (95% CI: 1.34, 2.34; Appendix Table
3.5) increased risk of CVD in the 20-year risk model at ≥40 years of age with the established
CVD risk factors. The inclusion of preterm delivery and parity improved model fit and yielded a
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lower AIC and significant likelihood ratio test (P=0.003) (Table 3.3). Discrimination and net
reclassification statistics were not improved (Table 3.3 and Appendix Table 3.6), but both the
model with the established CVD risk factors and the model that additionally included preterm
delivery and parity were well calibrated (Model 1: P=0.80, Model 2: P=0.92; Table 3.3,
Appendix Figure 3.2).
20-Year Risk Prediction at ≥30 Years of Age
A lower AIC and significant likelihood ratio test (P<0.001) were also observed with the
addition of preterm delivery and parity to a 20-year risk prediction model for women ≥30 years
of age with the established CVD risk factors (Table 3.3). Additionally, discrimination was
improved (C-difference: 0.004, 95% CI: 0.0007, 0.008), and both models were sufficiently
calibrated (Model 1: P=0.63, Model 2: P=0.66; Table 3.3, Appendix Figure 3.2). Moreover,
overall net reclassification was enhanced with the inclusion of preterm delivery and parity, which
was driven by a small improvement in women with CVD events (NRI for events: 0.01, 95% CI:
0.005, 0.02; Table 3.3 and Appendix Table 3.7). Model 2 correctly reclassified 11 women (1.3%)
with CVD events into higher risk categories without incorrectly reclassifying anyone. However,
the NRI for non-events was significantly diminished (NRI for non-events: -0.0006, 95% CI: 0.0009, -0.0002; Appendix Table 3.7).
Sensitivity Analyses
When we used a dichotomous cut point of 7.5% for risk reclassification, results were
similar, with the exception of 20-year risk prediction at ≥30 years of age in which the overall
NRI and NRI for events were no longer significantly improved after adding preterm delivery and
parity (NRI for events: 0.004, 95% CI: -0.004, 0.01). Adjustment for optimism and restriction to
definite cases only also generally yielded similar results (data not shown). Lastly, the use of BMI
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in our models instead of predicted total and HDL cholesterol largely did not change our
conclusions; however, discrimination in 20-year risk prediction at ≥40 years of age was
improved with the inclusion of preterm delivery and parity into the model with established CVD
risk factors (C-index: Model 1=0.67, Model 2=0.68; C-difference: 0.005, 95% CI: 0.0006, 0.01).
DISCUSSION
The inclusion of preterm delivery and parity into a model with established CVD risk
factors improved model fit in 10- and 20-year risk prediction both for women ≥40 and ≥30 years
of age. Calibration, or how close the predicted risk of CVD is to the observed risk of CVD, was
improved in both 20-year risk prediction models. However, discrimination, or how well a model
separates women who have CVD events from those who do not, and net reclassification of
women with CVD events were improved only in the 20-year risk prediction model for women
≥30 years of age. These results are consistent with our hypothesis that preterm delivery and
parity would be more useful in risk prediction at younger ages, before women develop
established CVD risk factors.
While discrimination was significantly improved in 20-year risk prediction at ≥30 year of
age, the C-difference was only 0.004 and, thus, is unlikely to result in meaningful clinical
change. However, the small change in the C-index with the inclusion of preterm delivery and
parity is not surprising given that the C-statistic is often insensitive to change even with the
addition of strong predictors of the outcome (32). While 11 women (1.3%) who went on to have
a CVD event were correctly reclassified into higher risk categories based on the model with
preterm delivery and parity, this came with a cost, as 97 women (0.1%) who did not have a CVD
event were also reclassified into higher risk categories. This may yield appropriate earlier
screening, lifestyle modifications, and pharmacologic therapy in women who ultimately will
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have a CVD event. However, this may cause unnecessary, although unlikely to be harmful,
additional medical care in a small proportion of women who do not need it for CVD risk (but
who may benefit for risk reduction for hypertension, hypercholesterolemia, or diabetes).
Furthermore, whether this small improvement in risk reclassification for women with CVD risk
translates to improved clinical outcomes cannot be determined with this data.
To our knowledge, this is the first evaluation of the utility of preterm delivery in CVD
risk scores. Therefore, these results should be confirmed in additional studies. Further research
should also assess whether use of preterm delivery in a 20-year risk prediction model improves
clinical CVD outcomes relative to women who are managed using the established CVD risk
score as well as the cost-effectiveness of incorporating information on preterm delivery into
clinical practice (23). Despite the limited improvement in risk prediction with the inclusion of
preterm delivery and parity, this information may offer practical advantages over established
CVD risk factors in that it is easy to collect, can be provided by the patient without any tests, and
is generally available when women are in their 20s or 30s. Additionally, given the availability of
information on preterm delivery when women are young - generally before the development of
hypertension, hypercholesterolemia, and type 2 diabetes - preterm delivery may be particularly
advantageous for clinicians to use in primordial prevention. Electronic health records in which
obstetric records are linked with primary care records would also facilitate this transfer of
information, further enhancing the practical advantage.
The primary limitation is the reliance on predicted total and HDL cholesterol rather than
measured values. However, correlations between measured and predicted values suggested good
validity. Additionally, a sensitivity analysis using BMI instead of predicted total and HDL
cholesterol yielded similar conclusions to our primary analysis. SBP was self-reported by nurse
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participants, which may have resulted in misclassification. A prior validation study utilizing
medical records of NHSII participants resulted in a sensitivity of 94% and specificity of 85% for
high blood pressure (20). We also relied on self-reported gestation length. However, a validation
study in NHSII suggested good validity. Additionally, the use of self-reported preterm delivery
mimics the clinical setting in which women would tell their doctors if they had ever delivered an
infant preterm. Given that data on gestation length was extracted from the 2001 or 2009
questionnaire, participants had to survive until these years to report the information. However,
98.3% of NHSII participants were still alive in 2009.
We were unable to evaluate the utility of including preterm delivery and parity into 30year CVD risk prediction models because the longest follow-up in our cohort was 25.6 years.
The evaluation of a 20-year risk prediction model is a first step, but further research is needed to
investigate longer term CVD risk prediction with preterm delivery. Our study population was
predominately white; thus, our results may not be generalizable to other races, particularly
African-Americans, in which a history of preterm delivery is more prevalent (33) and may
impact CVD risk prediction differently. Additionally, the large majority of women in our
population were classified as low risk by both the established risk factor model and the model
additionally incorporating preterm delivery and parity. In the 20-year risk prediction at ≥40 years
of age, the analysis with the highest predicted probability of CVD, the mean predicted risk was
1.5% and 83% of women had a predicted risk <2%, making it difficult for the new model with
preterm delivery and parity to reclassify a substantial proportion of women with CVD into even
the intermediate risk category (5%-<10%). Lastly, the prevalence of preterm delivery may limit
its utility on a population level; however, given its strong association with CVD, it remains of
importance on an individual level.
87

Despite these limitations, our study has several strengths. We have a large study
population with long follow-up, which provided us with the ability to evaluate the inclusion of
preterm delivery and parity in 10-year and 20-year risk prediction models as well as at different
ages. Additionally, we used CVD events that were confirmed by medical record review. Finally,
to our knowledge, this is the first study to investigate the utility of preterm delivery in CVD risk
prediction models.
In conclusion, incorporating preterm delivery and parity into CVD risk prediction models
appears to be most useful when women are young before they develop the established CVD risk
factors that are currently the foundation of clinically used CVD risk scores. However, the
observed improvements in risk prediction with the inclusion of preterm delivery and parity were
small and warrant further investigation to confirm our findings and assess the utility in a clinical
setting.
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APPENDIX

Figure 3.2: Observed and predicted probabilities of CVD by decile of predicted probability using the established CVD risk factor model
(Model 1) and the established model plus preterm delivery and parity (Model 2)
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Table 3.5: Hazard ratios, 95% confidence intervals, and p-values for preterm delivery and parity
in crude models, for the risk factors in the established 20-year CVD risk models (Model 1), and
for the risk factors, preterm delivery, and parity in the established 20-year CVD risk models plus
preterm delivery and parity (Model 2)
20-Year CVD Risk Prediction Model
At ≥40 years of age
At ≥30 years of age
Hazard Ratio
Hazard Ratio
P-value
P-value
(95% CI)
(95% CI)
Crude Model
Nulliparous
Moderate Preterm

1.19 (1.01, 1.40)
1.17 (0.92, 1.49)

0.04
0.19

0.97 (0.83, 1.13)
1.24 (0.97, 1.57)

0.66
0.09

<0.0001

2.19 (1.65, 2.91)

<0.0001

0.62

1.10 (1.08, 1.13)

<0.0001

1.02 (0.93, 1.11)
1.24 (1.15, 1.33)

0.70
<0.0001

0.99 (0.99, 1.00)
1.23 (1.13, 1.33)

0.01
<0.0001

0.80 (0.74, 0.86)

<0.0001

0.80 (0.73, 0.87)

<0.0001

1.25 (1.19, 1.32)

<0.0001

1.24 (1.18, 1.31)

<0.0001

1.21 (1.14, 1.28)

<0.0001

1.21 (1.14, 1.28)

<0.0001

2.32 (1.98, 2.72)

<0.0001

2.29 (1.96, 2.68)

<0.0001

Very Preterm
1.93 (1.45, 2.55)
Model 1: Established CVD Risk Factors
1.03 (0.93, 1.13)
Age, years
Age squared
Total cholesterol, per 20 mg/dl
HDL cholesterol, per 10 mg/dl
Treated systolic blood pressure, per
10 mmHg
Untreated systolic blood pressure,
per 10 mmHg
Current smoker (yes/no)

1.82 (1.01, 3.26)
0.05
2.32 (0.33, 16.54)
Diabetes (yes/no)
Model 2: Established CVD Risk Factors Plus Preterm Delivery and Parity
1.03 (0.93, 1.13)
0.62
1.10 (1.08, 1.13)
Age, years

0.40
<0.0001

Age squared

1.02 (0.93, 1.12)

0.70

0.99 (0.99, 1.00)

0.01

Total cholesterol, per 20 mg/dl

1.23 (1.14, 1.33)

<0.0001

1.23 (1.13, 1.33)

<0.0001

HDL cholesterol, per 10 mg/dl
Treated systolic blood pressure, per
10 mmHg
Untreated systolic blood pressure,
per 10 mmHg
Current smoker (yes/no)

0.80 (0.74, 0.86)

<0.0001

0.80 (0.73, 0.87)

<0.0001

1.25 (1.19, 1.32)

<0.0001

1.24 (1.17, 1.31)

<0.0001

1.21 (1.14, 1.28)

<0.0001

1.21 (1.14, 1.28)

<0.0001

2.31 (1.97, 2.70)

<0.0001

2.28 (1.96, 2.67)

<0.0001

Diabetes (yes/no)
Nulliparous

1.82 (1.02, 3.28)

0.04

2.43 (0.34, 17.30)

0.38

1.07 (0.91, 1.26)

0.42

1.03 (0.88, 1.20)

0.73

Moderate Preterm
Very Preterm

1.11 (0.88, 1.41)
1.77 (1.34, 2.34)

0.38
<0.0001

1.19 (0.93, 1.51)
1.89 (1.42, 2.51)

0.17
<0.0001

Abbreviations: CI: confidence interval, HDL cholesterol: high density lipoprotein cholesterol.
Continuous variables centered at the mean
Reference group for preterm and parity is term delivery
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Table 3.6: Net reclassification of 20-year CVD risk at ≥40 years of age into low (<5%),
intermediate (≥5 - <10%), and high (≥10%) risk groups comparing the established risk factor
model (Model 1) to a model with the established risk factors plus preterm delivery and parity
(Model 2)

Model 1: Established Risk Factors
Categories of Predicted 20-Year Risk
Women with incident CVD (n=907)
Low Risk: <5%
N
% Reclassified
Intermediate Risk: 5% - <10%
N
% Reclassified
High Risk: ≥10%
N
% Reclassified

Model 2: Established Risk Factors Plus
Preterm Delivery and Parity
Categories of Predicted 20-Year Risk
Intermediate
Low Risk:
High Risk:
Risk:
<5%
≥10%
5% - <10%

Total
Reclassified

812
---

11
1.34

0
0.00

11
1.34

4
5.97

58
---

5
7.56

9
13.53

0
0.00

4
23.53

13
---

4
23.53

0
0.00

166
0.23

28
2.40

139
11.74

120
---

11
8.40

Women without incident CVD (n=72,093)
Low Risk: <5%
N
70,629
166
% Reclassified
--0.23
Intermediate Risk: 5% - <10%
N
109
1,030
% Reclassified
9.34
--High Risk: ≥10%
N
0
11
% Reclassified
0.00
8.40
NRI: 0.005, 95% CI: -0.006, 0.02, p=0.39
NRI for events: 0.006, 95% CI: -0.005, 0.02, p=0.29
NRI for non-events: -0.001, 95% CI: -0.002, -0.0006, p<0.0001
Continuous NRI: 0.11, 95% CI: 0.05, 0.19, p=0.002
IDI: 0.0005, 95% CI: 0.0003, 0.0008, p<0.0001
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Table 3.7: Net reclassification of 20-year CVD risk at ≥30 years of age into low (<5%),
intermediate (≥5 - <10%), and high (≥10%) risk groups comparing the established risk factor
model (Model 1) to a model with the established risk factors plus preterm delivery and parity
(Model 2)

Model 1: Established Risk Factors
Categories of Predicted 20-Year Risk
Women with incident CVD (n=924)
Low Risk: <5%
N
% Reclassified
Intermediate Risk: 5% - <10%
N
% Reclassified
High Risk: ≥10%
N
% Reclassified

Model 2: Established Risk Factors Plus
Preterm Delivery and Parity
Categories of Predicted 20-Year Risk
Intermediate
Low Risk:
High Risk:
Risk:
<5%
≥10%
5% - <10%

Total
Reclassified

874
---

7
0.79

0
0.00

7
0.79

0
0.00

32
---

4
11.11

4
11.11

0
0.00

0
0.00

7
---

0
0.00

0
0.00

83
0.12

14
3.78

65
17.83

19
---

5
20.83

Women without incident CVD (n=72,424)
Low Risk: <5%
N
71,937
83
% Reclassified
--0.12
Intermediate Risk: 5% - <10%
N
51
304
% Reclassified
14.05
--High Risk: ≥10%
N
0
5
% Reclassified
0.00
20.83
NRI: 0.01, 95% CI: 0.005, 0.02, p=0.002
NRI for events: 0.01, 95% CI: 0.006, 0.02, p=0.001
NRI for non-events: -0.0006, 95% CI: -0.0009, -0.0002, p<0.001
Continuous NRI: 0.08, 95% CI: 0.03, 0.14, p=0.002
IDI: 0.0004, 95% CI: 0.0003, 0.0006, p<0.0001
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Conclusion
Women who delivered a preterm infant were at a 40% increased risk of future CVD
events, whereas those who delivered before 32 weeks experienced a doubling of CVD risk, even
after accounting for pre-pregnancy sociodemographic, lifestyle and CVD risk factors. These
women were also at higher risk of developing chronic hypertension, type 2 diabetes mellitus, and
hypercholesterolemia later in life; this increased risk was strongest in the first 10 years following
a preterm delivery and in women who delivered very preterm. However, the development of
chronic hypertension, type 2 diabetes mellitus, hypercholesterolemia, and changes in weight in
the years after pregnancy explained only a small proportion of the increased risk of CVD
observed in women with a history of preterm delivery. Additionally, inclusion of preterm
delivery into CVD risk scores yielded small improvements in CVD risk prediction, but only
when women were at younger ages.
These results suggest that preterm delivery may be a useful prognostic tool to identify
women at high risk of CVD early in life who would benefit from early screening, prevention, and
treatment. However, given that less than 20% of the increased risk of CVD in women with a
history of preterm delivery was explained by the established CVD risk factors that early
screening, prevention, and treatment would typically target, future research should evaluate
novel pathways through which preterm delivery and CVD may be linked to identify more
relevant targets in women with a history of preterm delivery. Investigations of spontaneous and
medically induced preterm delivery and preterm premature rupture of membranes may reveal
different relationships with CVD risk and provide insight into mechanisms linking preterm
delivery and CVD.
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These results do not suggest that the inclusion of preterm delivery into clinically used
CVD risk scores is currently warranted. Future research should evaluate the utility of preterm
delivery in CVD risk scores in populations at higher risk of CVD and with more racial and ethnic
diversity. Additionally, incorporation of preterm delivery into 30-year or lifetime CVD risk
scores may yield more clinically relevant improvements in CVD risk prediction.
In conclusion, targeting CVD risk factors is unlikely to counteract the increased risk of
CVD in women with a history of preterm delivery. However, established CVD risk factors
remain important targets for prevention, screening, and treatment in all women regardless of
their pregnancy history. Future research should focus on identifying specific prevention,
screening, and treatment targets that are additionally important in women with a history of
preterm delivery. Finally, preterm delivery should be formally added to the list of CVD risk
factors in women.
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