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Abstract
Endothelial dysfunction is a form of subclinical cardiovascular disease that may be involved in preterm birth and small-for-
gestational-age deliveries. However, concentrations of biomarkers of endothelial dysfunction before pregnancy have rarely
been measured. We hypothesized that higher levels of biomarkers of endothelial dysfunction (cellular adhesion molecules
and selectins) would be associated with odds of preterm birth and/or small-for-gestational-age deliveries. We included 235
women from the Coronary Artery Risk Development in Young Adults (CARDIA) study who were nulliparous at Y7,
reported ≥1 live birth through Y25, and had ≥1 biomarker measured at Y7. We tested for associations between individual
biomarkers and an averaged z-score representing total endothelial dysfunction with preterm birth and/or small-for-
gestational-age deliveries using Poisson regression, adjusted for demographic and clinical characteristics at the exam
immediately preceding index birth. At Y7, total evidence of endothelial dysfunction was similar in women who did (n= 59)
and did not have (n= 176) preterm birth and/or small-for-gestational-age deliveries. There was no association between
biomarkers of endothelial dysfunction (either individual biomarker or total score) with odds of preterm birth and/or small-
for-gestational-age deliveries after adjustment: IRR= 1.01, 95% CI: 0.74, 1.39, p= 0.93 for total endothelial biomarker
score. Associations were not modified by race. We conclude that biomarkers of endothelial dysfunction in nulliparous
women, measured ~3 years before pregnancy, did not identify women at risk for preterm birth and/or small-for-gestational-
age deliveries. This suggests that the maternal endothelial dysfunction that is believed to contribute to these birth outcomes
may not be detectable before pregnancy.

Introduction

Women who have had a preterm birth (PTB; <37 weeks
gestation) or small for gestational age (SGA; ≤10th per-
centile for birth weight) delivery have higher risk for sub-
clinical and overt cardiovascular disease (CVD) later in life
[1, 2]. Endothelial dysfunction, a key feature of the ather-
osclerotic CVD process, is also thought to be involved in
the pathogenesis of PTB and SGA [3–5]. Prior studies show
that pregnant women who later had PTB had endothelial
dysfunction in the first trimester, as evidenced by elevated
levels of intercellular adhesion molecule (ICAM) and vas-
cular cell adhesion molecule (VCAM), compared to women
who had a term delivery [6]. Women who were diagnosed
with intrauterine growth restriction, the condition under-
lying SGA, had impaired endothelial function, measured
with flow-mediated dilation 6–24 months postpartum,
compared to women with late-onset preeclampsia and
uncomplicated pregnancies, even when blood pressure (BP)
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had returned to normal levels [7]. However, most pregnancy
studies have used a retrospective design and have not been
able to investigate whether endothelial dysfunction predates
pregnancy or if evidence of endothelial dysfunction in the
years preceding pregnancy is also associated with incident
PTB and SGA.

The purpose of this study was to examine the association
between evidence of pre-pregnancy endothelial dysfunction
and incident PTB and SGA. We hypothesized that women
who had higher levels of circulating endothelial adhesion
molecules in the years preceding pregnancy would be more
likely to experience PTB or SGA. CVD risk and PTB
incidence are higher in black compared to white women [8],
and endothelial function is more impaired in blacks com-
pared to whites [9]. Black women also had different levels
of biomarkers of endothelial activation (lower ICAM,
higher e-selectin) versus white women in a large, population
sample [10]. Therefore we further hypothesized that the
association between endothelial biomarkers and PTB/SGA
would be modified by race.

Methods

The CARDIA Study

The Coronary Artery Risk Development in Young Adults
(CARDIA) Study is a population‐based, longitudinal,
observational, and multi‐center study investigating deter-
minants of coronary heart disease and its risk factors in
African-American and Caucasian women and men. At
baseline (1985–1986), 5115 subjects (53% women, 52%
African-American) aged 18–30 years were recruited from
four metropolitan areas in the United States: Birmingham,
Alabama; Chicago, Illinois; Minneapolis, Minnesota; and
Oakland, California. Validated markers of endothelial acti-
vation [11] were collected at year 7 (Y7) after baseline
(1992–1993) as part of the Young Adult Longitudinal
Trends in Antioxidants (YALTA) ancillary study. The study
was approved by Institutional review boards at each center,
and all participants signed written, informed consent.

Of the 2787 women enrolled in the study, we excluded
women who reported a birth before Y7 (n= 1514), those in
whom no endothelial biomarkers were measured (n= 85),
women who did not report any live births after Y7 (n=
889), and those in whom information regarding SGA was
missing (n= 68). Our final sample included 235 women.
For characteristics of our sample at Y7, please see ST1.

Circulating endothelial adhesion molecules

We used serum and plasma p-selectin; e-selectin, ICAM,
and VCAM were measured at the Y7 CARDIA exam as

part of the YALTA ancillary study. Blood samples
were obtained via venipuncture following an overnight
fast, processed, and frozen within 90 min. They were
stored at −70 °C and shipped in dry ice to a single
laboratory for analysis. Participants were asked to refrain
from smoking and heavy physical activity for at least 2 h
prior to the examination. Biomarkers were analyzed at the
University of Minnesota’s Molecular Epidemiology and
Biomarker Research Laboratory using sandwich ELISA
assays (R&D Systems, Minneapolis, MN). Serum e-selectin
and plasma p-selectin samples were diluted 10- and 6-fold,
respectively. The within- plus between-day coefficients
of variation (CVs) were 7.7% for e-selectin and 10.5%
for p-selectin. The e-selectin assays were performed
over several months, with no assay drift detected during this
time. Serum ICAM samples were diluted 10-fold and
plasma VCAM samples were diluted 21-fold. The within-
and the between-day CVs were <10% for ICAM and 9.0%
for VCAM. VCAM analyses were also performed over a
few months in 2010, with no assay drift detected for these
analyses.

The biomarkers were then combined into a score
representing total endothelial activation. We calculated
this score because more total evidence of endothelial
dysfunction, which may be driven by moderately elevated
levels of more than one biomarker, may be more informa-
tive than individual biomarker values and better capture
our exposure, evidence of endothelial dysfunction.
This total score was calculated by taking the sum of the
standardized z-score for each biomarker, e.g., ranking the
concentration of each biomarker in comparison to the rest of
the cohort, for each biomarker and then dividing by the total
number of biomarkers measured in each woman.A higher
score for an individual biomarker and total endothelial
biomarker score indicates greater evidence of endothelial
dysfunction.

PTB and SGA

Information regarding PTB and SGA were obtained
via self-report questionnaire and defined as a birth
that occurred at <37+ 0 weeks gestational age and birth
weight less than the 10th percentile for gestational
age, respectively [12]. We only included the first birth
that occurred after Y7 in our analyses as this birth was
most proximal to our exposure measurement; for women
who reported more than one PTB and/or SGA, we included
only the event that occurred in the first birth. All
births occurred between 1992-93 (Y7) and 2010-11 (Y25),
and a maximum of five years elapsed between the
measurement of covariates and the index birth. The preg-
nancy questionnaire used in the CARDIA study can be
found at: http://www.cardia.dopm.uab.edu/
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Blood pressure

BP was measured in triplicate by a trained technician at
every exam in the right arm using a random zero mercury
manometer with the participant seated after a 5-min rest.
Cuff size was determined after measuring the arm at a
level midway between the acromion process and olecra-
non. There was a 1-min break in between measurements,
and the final two measurements were averaged for analy-
sis. Self-report of hypertension diagnosis and treatment
were noted at each exam using standardized surveys.
Hypertension was defined as a BP reading of systolic
BP (SBP) ≥140, diastolic BP (DBP) ≥90, self-report of
treatment for hypertension, or use of antihypertensive
medication.

Co-variable measurements

We included the covariates measured at the exam imme-
diately preceding the index pregnancy. Structured inter-
views or self-administered questionnaires were used to
obtain sociodemographic information: sex, race, birth date,
education level, and smoking. Education level was deter-
mined as the maximum number of years of school com-
pleted. Smoking was classified as either never, former, or
current, based on self-report. Height was recorded to the
nearest 0.5 cm and weight to the nearest 0.2 kg at
each examination. Body mass index (BMI) was calculated
as kg/m2.

Statistical analyses

We compared the sociodemographic and clinical char-
acteristics of women by quartile of endothelial dysfunction
score using Kruskal–Wallis or chi-squared tests. We com-
pared the sociodemographic and clinical characteristics of
women with and without PTB and/or SGA using t-tests,
Mann–Whitney U tests, or chi-squared tests.

Differences between groups for concentrations of bio-
markers: ICAM, VCAM, p-selectin, and e-selectin were
evaluated individually as continuous variables using a
Mann–Whitney U test before and after adjustment for
covariates at the exam preceding index birth.

Poisson regression models were utilized to determine the
association of the individual endothelial adhesion molecules
and the combined endothelial activation score with PTB and
SGA. We tested for associations for each outcome indivi-
dually and pooled because vascular dysfunction can con-
tribute to both outcomes. Our findings were similar in
individual and pooled analyses, so we reported our findings
for the pooled PTB/SGA condition to maximize statistical
power. We adjusted for demographic and clinical char-
acteristics: age, race, education at baseline, study center,

BMI, current and former smoking, diabetes, and hyperten-
sion, at the exam immediately preceding index birth.

These associations may be affected by pre-existing
hypertension or diabetes and gestational diabetes or
hypertensive disorders of pregnancy. We conducted initial
sensitivity analyses by excluding women who developed
hypertension (n= 6) or diabetes (n= 2) prior to index birth
(pre-existing hypertension or diabetes before the onset of
pregnancy) and by excluding women with gestational dia-
betes in the index pregnancy. We conducted a second
sensitivity analysis with the same exposures and outcomes
in women without self-reported hypertension in pregnancy
(n= 195); this analysis was classified as sensitivity because
the positive predictive value of self-reported hypertension in
pregnancy is low and the negative predictive value is high
in CARDIA [8]. Although examining associations between
pre-pregnancy endothelial biomarkers and hypertensive
disorders of pregnancy (HDPs) would have been a valuable
and logical investigation, the positive predictive value for

Table 1 Demographic and clinical characteristics of women by
quartile of endothelial biomarker score at Y7 (prior to pregnancy) and
proportion of women with hypertensive disorders of pregnancy and
gestational diabetes in index pregnancy

Q1,
n = 56

Q2,
n = 61

Q3,
n = 58

Q4,
n = 60

P-value

Age (years) 30 ± 1 30 ± 1 30 ± 1 30 ± 1 0.60

Black race (n, %) 20, 36 23, 38 20, 34 21, 35 0.94

Education (years) 16 ± 1 16 ± 1 15 ± 1 16 ± 1 0.10

Smoking status (n, %)

Current 16, 29 8, 13 7, 12 9, 15 0.44

Former 8, 14 14, 23 15, 26 11, 18 0.43

BMI (kg/m2) 24.1 ±
0.8

24.6 ±
0.8

25.1 ±
0.7

26.5 ±
1.2

0.36

Hypertension (n, %)* 0, 0 0, 0 1, 1 5, 8 0.01

Diabetes (n, %) 0, 0 2, 1 0, 0 0, 0 0.12

HDP (n, %) 7, 13 10, 16 9, 16 14, 23 0.46

Gestational diabetes
(n,%)

1, 2 2, 3 3, 5 3, 5 0.76

SBP (mmHg) 105 ± 1 102 ± 1 105 ± 1 106 ± 1 0.44

DBP (mmHg) 66 ± 1 63 ± 1 65 ± 1 69 ± 1 0.14

TC (mg/dL) 171 ± 3 173 ± 3 176 ± 3 181 ± 4 0.75

HDL-C (mg/dL) 61 ± 2 59 ± 2 59 ± 2 58 ± 2 0.26

LDL-C (mg/dL) 97 ± 3 100 ± 3 106 ± 4 109 ± 5 0.59

Triglycerides
(mg/dL)

62 ± 4 66 ± 4 60 ± 5 65 ± 5 0.17

BMI body mass index, Gestational diabetes gestational diabetes in
index birth, HDP hypertensive disorder of pregnancy in index birth,
SBP systolic BP, DBP diastolic BP, TC total cholesterol, HDL-C high-
density lipoprotein cholesterol, LDL-C low-density lipoprotein
cholesterol *indicates a difference between groups, p<0.05.
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HDPs was low, and any association we found would have
lacked scientific rigor and reproducibility. We reported the
proportion of women who reported HDPs in our tables
because we knew readers familiar with this area of research
would be interested in this information, but our data on
HDPs did not allow us to make HDPs our main outcome.

We tested for effect modification by race using multi-
plicative interaction terms between race and the endothelial
function score. Analyses were performed using STATA
version 14.0 (College Station, TX).

Results

Participants

There was no difference in age, education, BMI, proportion
of women with gestational diabetes, systolic blood pressure
(SBP), diastolic BP (DBP), or lipids at Y7 by quartiles of
endothelial biomarker score. Women in the highest quartile
were more likely to have hypertension (Table 1). Women
with PTB and/or SGA (n= 59) had less formal education

and were more likely to be black compared to women who
did not experience PTB/SGA (n= 176). At the exam
immediately preceding the index birth, women who repor-
ted PTB/SGA were more likely to be current smokers
compared to women who did not report PTB/SGA
(Table 2).

Circulating adhesion molecules

Women who had PTB/SGA had lower VCAM compared to
women without PTB/SGA. There were no differences in
unadjusted levels of other individual biomarkers or total
endothelial dysfunction score in women with versus without
PTB/SGA (Fig. 1). There was no difference in adjusted
VCAM, ICAM, e-selectin, p-selectin, or total endothelial
dysfunction score by PTB/SGA status (Table 3).

Association of circulating adhesion molecules with
PTB/SGA

Prior to modeling, we tested for interaction and observed
that race did not modify the association between endothelial
biomarker score and PTB/SGA (p= 0.29) and so we pro-
ceeded with pooled modeling. There were no associations
between individual biomarkers (ICAM, VCAM, e-selectin,
or p-selectin) or combined endothelial biomarker score with
PTB/SGA in adjusted models (Table 4).

The combined endothelial activation measurement was
not associated with PTB/SGA in unadjusted (IRR= 1.06,
95% CI: 0.76, 1.48) or adjusted analyses (Table 4).

When we examined associations of quartiles of bio-
marker scores, rather the continuously measured biomarker
levels, with PTB/SGA, there were also no significant
associations.

Sensitivity analysis

Results were similar in the subset of women who did not
develop hypertension or diabetes before the index birth
(n= 227; IRR= 1.03, 95% CI: 0.75, 1.42) for combined
endothelial dysfunction score, similar in women without
gestational diabetes in the index pregnancy (n= 226;
IRR= 1.02, 95% CI: 0.62, 1.68), and similar in women
who did not report hypertension in the index pregnancy
(n= 193; for complete results please see ST2).

Discussion

We observed that circulating markers of endothelial
dysfunction in the years preceding pregnancy were
not associated with PTB/SGA in this prospective cohort.
These findings were similar in black and white women.

Table 2 Characteristics of women with and without PTB/SGA at the
exam immediately preceding index birth and proportion of women
with hypertensive disorders of pregnancy and gestational diabetes in
index pregnancy

PTB/SGA,
n = 59

No PTB/SGA,
n = 176

P-value

Age (years) 33 ± 1 32 ± 1 0.21

Time to 1st birth (years) 2.6 ± 0.4 2.5 ± 0.2 0.98

Black race (n, %)* 30, 50 55, 31 0.01

Smoking status (n, %)

Current* 15, 25 22, 13 0.02

Former 7, 12 28, 16 0.45

BMI (kg/m2) 24.9 ± 0.4 25.0 ± 0.8 0.94

Hypertension (n, %) 3, 5 3, 2 0.15

Diabetes (n, %) 0, 0 2, 1 0.41

HDP (n,%) 14, 24 26, 15 0.11

Gestational diabetes (n,%) 3, 5 6, 3 0.56

SBP (mmHg) 106 ± 1 103 ± 1 0.13

DBP (mmHg) 68 ± 1 67 ± 1 0.83

TC (mg/dL) 182 ± 7 178 ± 3 0.67

HDL-C (mg/dL) 59 ± 2 59 ± 1 0.83

LDL-C (mg/dL) 108 ± 6 104 ± 2 0.98

Triglycerides (mg/dL) 73 ± 6 73 ± 4 0.81

Time to 1st birth time in years from the measurement of endothelial
biomarkers until the index birth, BMI body mass index, gestational
diabetes gestational diabetes in index birth, HDP hypertensive
disorder of pregnancy in index birth, SBP systolic BP, DBP diastolic
BP, TC total cholesterol, HDL-C high-density lipoprotein cholesterol,
LDL-C low-density lipoprotein cholesterol *p < 0.05 for difference
between women by PTB/SGA group
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Fig. 1 (A-E) Box and whiskers plot of unadjusted levels of biomarkers
of endothelial activation by PTB/SGA status. Unadjusted VCAM was
lower in women who later reported PTB/SGA. There were no differ-
ences in the circulating concentrations of any other biomarkers of

endothelial activation by PTB/SGA status. Data are minimum, 25th
percentile, mean, 75th percentile, and maximum values. * indicates a
difference between groups, p < 0.01.

Table 3 Adjusted levels of biomarkers of endothelial activation by
PTB/SGA status

PTB/SGA,
n = 59, Adjusted

No PTB/SGA,
n = 176, Adjusted

P-value

ICAM (ng/mL) 130 (117, 141) 126 (116, 138) 0.57

VCAM (ng/mL)* 507 (459, 568) 535 (491, 576) 0.72

E-selectin (ng/mL) 25 (23, 28) 25 (21, 28) 0.15

P-selectin (ng/mL) 24 (23, 25) 23 (21, 25) 0.99

Endothelial
Dysfunction Score

−0.04 (−0.22,
0.11)

−0.06 (−0.24,
0.12)

0.47

Levels of individual biomarkers of endothelial dysfunction and total
endothelial biomarker score in women with and without PTB/SGA.
Adjusted for age, race, education, study center, BMI, current and
former smoking, hypertension, and diabetes at the exam immediately
preceding index birth. Data are means and interquartile range.

Table 4 Association of pre-pregnancy endothelial activation with
PTB/SGA in adjusted model

IRR 95% CI

VCAM 0.94 0.68, 1.30

ICAM 0.91 0.64, 1.28

P-selectin 1.00 0.73, 1.38

E-selectin 1.19 0.94, 1.53

Endothelial dysfunction score 1.01 0.74, 1.39

IRR incident rate ratio, 95% CI 95% confidence interval. The model
includes age, race, education, study center, BMI, hypertension or
diabetes, and current and former smoking at the exam immediately
preceding the index birth. Unit= 1SD.
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Because of the absence of an association of PTB/SGA with
these biomarkers, other possible mechanisms need to be
considered.

Although the increased CVD risk following PTB or SGA
has been well-documented, it has remained unclear whether
complications of pregnancy led to increased maternal CVD
risk or whether the physiological stress of pregnancy
uncovered pre-existing maternal predisposition to CVD
[2, 8, 13, 14]. This question has been difficult to address
since pregnancy studies tend to have small numbers of
participants, use retrospective designs, or only include
women once they are already pregnant. The longitudinal
design and large participant pool of the Coronary Artery
Risk Development in Young Adults (CARDIA) study pro-
vided a unique opportunity to conduct a prospective study in
a child-bearing cohort with a larger number of participants.

Inflammation and vascular complications of pregnancy
are pathways known to lead to PTB and SGA. Two-thirds of
all PTB are spontaneous and believed to be related to
inflammation or infection earlier in pregnancy that interrupt
adequate placentation and cause vascular disease [5, 15, 16].
This inflammation can trigger vascular dysfunction and
expression of endothelial adhesion molecules (ICAM,
VCAM, e-selectin, p-selectin), as well as stimulate uterine
contraction and PTB [5, 17]. The remaining one-third of all
PTB are medically indicated and believed to be caused
primarily by maternal-placental vascular dysfunction (pre-
eclampsia or intrauterine growth restriction), and maternal
vascular disease or diabetes is associated with a five-fold
increase in risk of SGA [18–20].

Earlier data do suggest that women who experience PTB
and SGA have higher baseline CVD risk, indicating a role
for pre-existing maternal factors in these birth outcomes
[21, 22]. ICAM and VCAM were shown to be higher early
in pregnancy (around week 16 of gestation) in women who
go on to have PTB, but the increased inflammation and
oxidative stress associated with the pregnancy itself may
have caused endothelial activation and may not be repre-
sentative of maternal endothelial activation prior to the
onset of pregnancy [6]. Antiangiogenic factor fms-like
tyrosine kinase-1 (Flt-1) is increased in the maternal cir-
culation in response to placental hypoxia and can also cause
maternal endothelial dysfunction during pregnancy [23].
However, although circulating Flt-1 infusion was used to
recapitulate the clinical features of preeclampsia (endothe-
lial dysfunction, hypertension, proteinuria) during preg-
nancy in an animal model of the human condition, Flt-1
infusion did not induce hypertension in non-pregnant mice
or have long-term effects on BP following parturition [24].
These and our findings indicate that the up-regulation or
effects of proteins associated with vascular damage during
pregnancy and longer-term CVD risk may not occur until
pregnancy begins.

PTB has been shown to have a genetic component, as
women who were themselves born preterm had a higher risk
of delivering a preterm infant [25]. This suggests that pre-
existing genetic predisposition may interact with circulating
or inflammatory factors in pregnancy to contribute PTB and
SGA and that the vascular damage associated with these
birth outcomes may expose or exacerbate subsequent CVD
risk in vulnerable women. Alternatively, biomarkers other
than the ones we measured in our study may better reflect
pre-pregnancy endothelial function as it relates to risk of
PTB and SGA.

Years after pregnancy, there is evidence of vascular
impairment in women with prior PTB and SGA [2, 8].
Catov et al. [2] showed that women who had had PTB had
higher BP and atherogenic lipids compared to women with
only term labor. Yinon et al. [7] reported endothelial dys-
function (measured with brachial artery flow-mediated
dilation) 6 months–two years postpartum in women with
intrauterine growth restriction [7]. A recent review showed
that women who had pregnancies complicated by hyper-
tension also had evidence of vascular dysfunction (higher
Flt-1, central arterial stiffness, carotid intima-media thick-
ness, and augmentation index) years after birth, though the
differences between women with and without hypertensive
disorders of pregnancy were greatest closer to the incident
pregnancy [26]. Our prospective study adds to this body of
work by showing that, although women who experienced
PTB and SGA have increased CVD risk postpartum [2],
there was no difference in levels of circulating markers of
endothelial dysfunction in the ~3 years prior to pregnancy.
In fact, unadjusted VCAM was lower in women who went
on to have PTB/SGA in our cohort.

When we excluded women who developed overt
hypertension prior to the index pregnancy, our results were
similar. There was also no association of markers of
endothelial dysfunction with PTB/SGA in the women who
did not report hypertension in the index pregnancy. Only
two women developed diabetes prior to index pregnancy,
and we did not see an effect of diabetes on our associations.
Similarly, few women developed gestational diabetes in the
index pregnancy, and we did not see an effect of gestational
diabetes on our results. Strategies to improve endothelial
function and avoid PTB and SGA, such as eating a healthy
diet, exercising, maintaining a healthy weight, and mana-
ging pregnancy weight gain and glucose levels, may be
more efficacious immediately preceding or during preg-
nancy rather than years before pregnancy onset [27, 28].

A limitation of our study is the indirect, versus in-vivo,
measurement of endothelial function at a single time point.
However, circulating levels of endothelial adhesion mole-
cules have been shown to correlate to endothelial cell sur-
face expression, indicating that circulating levels of
adhesion molecules reflect the activation state of the
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endothelial cells themselves [11]. Our sample size, though
larger than some other pregnancy studies, was likely too
small to detect modest associations. We were also unable to
distinguish between spontaneous and indicated PTB and
constitutionally small infants versus those who were affec-
ted by vascular-mediated intrauterine growth restriction in
our sample, which may have different etiologies [16]. Our
study’s strengths include the prospective design, measure-
ment of multiple well-characterized endothelial biomarkers,
and inclusion of both black and white women in different
geographic regions in the United States.

We conclude that we found no evidence of an association
of circulating markers of maternal endothelial dysfunction
~3 before pregnancy with incident PTB and SGA. Fur-
thermore, biomarkers of endothelial activation were not
higher in the women who went on to have PTB and/or
SGA. This suggests that the endothelial dysfunction that is
believed to contribute to these birth outcomes may not pre-
date pregnancy. Future work should determine whether
endothelial dysfunction closer to the onset of pregnancy is
associated with PTB/SGA and may represent a target for
intervention to avoid these birth outcomes.
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