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Abstract

Background: Obesity is a well-established risk factor for both adverse pregnancy outcomes
(APOs) and cardiovascular disease (CVD). However, it is not known whether APOs are mediators
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or markers of the obesity-CVD relationship. This study examined the association between body
mass index (BMI), APOs, and postpartum CVD risk factors.

Methods: The sample included adults from the nuMoM2b Heart Health Study who were enrolled
in their first trimester (6 weeks-13 weeks 6 days gestation) from 8 US sites. Participants had

a follow-up visit at 3.7 years postpartum. APOs, which included hypertensive disorders of
pregnancy, preterm birth, small-for-gestational age birth, and gestational diabetes, were centrally
adjudicated. Mediation analyses estimated the association between early pregnancy BMI and
postpartum CVD risk factors (hypertension, hyperlipidemia, and diabetes) and the proportion
mediated by each APO adjusted for demographics and baseline health behaviors, psychosocial
stressors, and CVD risk-factor levels.

Results: Among 4,216 participants enrolled, mean+SD maternal age was 27+6 years. Early
pregnancy prevalence of overweight was 25% and obesity 22%. Hypertensive disorders of
pregnancy occurred in 15%, preterm birth in 8%, small-for-gestational age birth in 11%,

and gestational diabetes in 4%. Early pregnancy obesity, compared with normal BMI was
associated with significantly higher incidence of postpartum hypertension (adjusted odds ratio
[OR] 1.14 [1.10, 1.18]), hyperlipidemia (1.11 [1.08, 1.14]), and diabetes (1.03 [1.01, 1.04])
even after adjustment for baseline CVD risk-factor levels. APOs were associated with higher
incidence of postpartum hypertension (1.97 [1.61, 2.40]) and hyperlipidemia (1.31 [1.03, 1.67]).
Hypertensive disorders of pregnancy mediated a small proportion of the association between
obesity and incident hypertension (13% [11-15%]) and did not mediate associations with incident
hyperlipidemia or diabetes. There was no significant mediation by preterm birth or small-for-
gestational age birth.

Conclusions: There was heterogeneity across APO subtypes in their association with
postpartum CVD risk factors and mediation of the association between early pregnancy obesity
and postpartum CVD risk factors. However, only a small or non-significant proportion of the
association between obesity and CVD risk factors was mediated by any of the APOs, suggesting
APOs are a marker of pre-pregnancy CVD risk and not a predominant cause of postpartum CVD
risk.

Graphical Abstract
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INTRODUCTION

Approximately 1 in 4 pregnancies in the United States (US) is complicated by an adverse
pregnancy outcome (APO).1 APOs, which include hypertensive disorders of pregnancy,
preterm birth, small-for-gestational-age birth, and gestational diabetes, represent a spectrum
of heterogeneous syndromes. A vascular phenotype with abnormal placentation has been
proposed to contribute to hypertensive disorders of pregnancy, in contrast to a metabolic
phenotype for gestational diabetes, which results from an abnormal physiologic response

to placental-mediated insulin resistance.2~ The etiologies of preterm birth and small-for-
gestational age birth are less well understood and can overlap with hypertensive disorders

of pregnancy or gestational diabetes, or they can have distinct causes.>8 All of these APO
subtypes are associated with higher short-term risk of maternal morbidity and mortality,’2
and emerging data support an association between APOs and lifetime risk for cardiovascular
disease (CVD) with the greatest and most consistent association for hypertensive disorders
of pregnancy.10-13 Even in the short-term, within 5 years postpartum, hypertensive disorders
of pregnancy have been consistently associated with higher risk of CVD risk factors, such
as hypertension and hyperlipidemia, and these CVD risk factors mediate, in large part, the
risk of CVD.14 As a result, hypertensive disorders of pregnancy were recently recognized

as a “risk-enhancing factor” in the 2019 American College of Cardiology/American Heart
Association Primary Prevention Guidelines.1>-17 Emerging data also suggest an association
between non-hypertensive disorders of pregnancy APO subtypes, CVD risk factors, and
CVD.18’19

Circ Res. Author manuscript; available in PMC 2024 October 13.
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The relationship between APOs and CVD may, in part, be related to shared upstream risk
factors, such as pre-pregnancy obesity, that precede onset of CVD risk factors such as
hypertension, hyperlipidemia, and diabetes.1”-20 Individuals with higher body mass index
(BMI) pre-pregnancy or in early pregnancy (even in the absence of other chronic risk
factors) are more likely to experience APOs.21:22 |n addition, evidence links obesity in
young adulthood with future risk of CVD, predominantly via traditional risk factors such

as hypertension, hyperlipidemia, and diabetes.23 However, prospectively collected data from
nulliparous individuals from early pregnancy (prior to significant gestational weight gain)
with rigorous adjudication of APO status and postpartum follow-up on incident development
of CVD risk factors are limited. As a result, it remains unclear whether APOs, particularly
hypertensive disorders of pregnancy, are a marker of underlying risk associated with obesity
or whether hypertensive disorders of pregnancy and other APOs substantially mediate the
association with future CVD risk.17:24

Therefore, we sought to define the associations between maternal obesity, hypertensive
disorders of pregnancy (and other APO subtypes), and cardiovascular health (as measured
by incident CVD risk factor development) several years after delivery. We estimated (1) the
association between early pregnancy BMI and subsequent CVD risk factors independent of
APOs; 2) the extent to which these associations are mediated by APOs; and 3) the influence
of BMI on CVD risk factors if the risk of APOs was similar between pregnant individuals
with a normal and a high BMI.

METHODS

Study Design and Participants

Data Availability—Because of the sensitive nature of the data collected for this study,
requests to access the dataset from qualified researchers trained in human subject
confidentiality protocols will be considered by the data coordinating center. Requests to
access the data and materials used for this analysis may be submitted to the nuMoM2b-HHS
Study at https://numomz2b.org. Please see the Major Resources Table in the Supplemental
Materials.

Between 2014-2017, 4509 individuals were recruited for an in-person visit as part of the
Nulliparous Pregnancy Outcomes Study: Monitoring Mothers-To-be Heart Health Study
(nuMoM2b-HHS). The participants were recruited from the parent study, nuMoM2b, and
full study details of nuMoM2b and nuMoM2b-HHS have been previously described.25:26
Briefly, nulliparous pregnant individuals with singleton pregnancies from 8 clinical centers
across the US (Case Western Reserve University; Columbia University; Indiana University;
University of Pittsburgh; Northwestern University; University of California at Irvine;
University of Pennsylvania; and University of Utah) were recruited at an estimated
gestational age at recruitment between 6 weeks 0 days to 13 weeks 6 days. Each site’s
local Institutional Review Board approved the study and all participants provided written
informed consent.

For the current analysis, we included nulliparous individuals who were aged 18 years
or older without any history of pre-pregnancy hypertension or diabetes. We excluded

Circ Res. Author manuscript; available in PMC 2024 October 13.
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individuals who experienced pregnancy loss (spontaneous abortion, induced abortion, or
stillbirth).27 (Supplemental Figure 1).

Exposure: Maternal BMI in Early Pregnancy—Height and weight were directly
measured at the baseline visit, and BMI was calculated as weight in kg divided by height in
meters squared. We categorized BMI, as normal (BMI <25 kg/m?2); overweight (25kg/m? <
BMI < 30 kg/m?); or obesity (BMI = 30 kg/m?). Waist circumference was measured at the
same visit over the iliac crest to the nearest 0.1cm and dichotomized to high (>88 cm) versus
low (<88 cm) based on the ATP 111 definition.28

Mediators: APOs—APOs were abstracted and verified for all participants according to
a priori definitions by trained study personnel within 30 days of delivery as previously
described.25:26 The primary mediator in our study was hypertensive disorders of pregnancy,
which was defined as preeclampsia (with or without severe features), eclampsia, and
gestational hypertension.29 We also conducted secondary analyses and investigated each
of the following hypertensive disorders of pregnancy subtypes (preeclampsia/eclampsia,
gestational hypertension) and other APO subtypes categorized as preterm birth (defined as
delivery between 20 weeks and 366/7 weeks gestation, which included spontaneous and
medically-indicated preterm birth), small-for-gestational age birth (defined as birthweight
<10™ percentile for gestational age using the Alexander curves),30 and gestational diabetes
(defined according to current guidelines)2°] as mediators to understand the potential for
heterogeneity across different APOs.

Outcomes: Cardiovascular Disease Risk Factors—Incident development of CVD
risk factors was characterized in three cardiometabolic domains: hypertension (defined as
blood pressure =130/80 mm Hg or treatment), hyperlipidemia (fasting total cholesterol 2240
mg/dL or treatment), and diabetes (fasting glucose =126 mg/dL or treatment). Secondary
outcomes including continuous measures of CVD risk-factor levels: systolic blood pressure
(SBP), fasting total cholesterol, and fasting glucose. Outcomes were measured at the in-
person nuMoM2b-HHS study visit, which occurred between 2014-2017. BP was directly
measured following a standardized research protocol (Omron HEM-907XL) in triplicate
and averaged. Serum, plasma, and whole blood specimens were stored at a central core
biorepository and enzymatic analyses of total cholesterol and glucose were completed on
fasting samples from the follow-up visit.19

Confounders—Consistent with published methods for mediation analyses, we identified
two sets of confounders a priorifor the analysis.3! Confounders of the exposure (early
pregnancy BMI) and outcome (CVD risk factors) association included maternal age, self-
reported race and ethnicity (non-Hispanic [NH]32 White, NH Black, Hispanic/Latinx, Asian,
Other [which included individuals who did not identify according to the aforementioned
categories, including those identifying as American Indian or Alaskan Native, Native
Hawaiian, or multiracial, and those identifying as not belonging to any of these groups),
insurance type (private vs. public), smoking status (pre-pregnancy yes/no), physical activity
(standardized minutes per week)33, dietary quality (Healthy Eating Index 2010)34, sleep
duration, perceived stress (total score of the 10-item perceived stress scale)3®, depression

Circ Res. Author manuscript; available in PMC 2024 October 13.
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(total score of the 10-item Edinburgh Postnatal Depression Scale)38, and CVD risk factor
levels. These were all assessed at baseline. Race and ethnicity were self-reported using
prespecified categories and were included in the analysis as a socially-defined factor.

Fetal sex was included as a confounder of the association between mediators (APOs)

and outcomes (CVD risk factors).3” Gestational weight gain (pre-pregnancy BMI-specific
Z-scores) was included as a confounder in sensitivity analyses.38:3% Serum, plasma, and
whole blood specimens were stored at a central core biorepository from the baseline visit
and enzymatic analyses of total cholesterol and glucose were completed on the non-fasting
samples from the baseline first-trimester visit.1?

Statistical Analyses—Baseline characteristics of participants are presented as mean

+ standard deviation (SD) for continuous variables and sample size (percentages) for
categorical variables. According to the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) guidelines, p-values for differences between BMI strata are
omitted.40 We also visually depicted the associations between BMI (continuous) in early
pregnhancy and CVD risk-factor levels years after delivery.

We used a counterfactual approach for causal mediation analyses®’, as it allows more
sophisticated data structures and models than traditional approaches such as exposure-
mediator interaction.*142 This approach clarifies the assumptions needed for a causal
interpretation, namely that there is no unmeasured confounding of the exposure-outcome,
mediator-outcome, or exposure-mediator relationships, and that none of the mediator-
outcome confounders are affected by the exposure. Using this framework as previously
described,3! we estimated four quantities: the natural direct effect (NDE), the natural
indirect effect (NIE), the total effect (TE), and the percent mediated. The NDE is obtained
by evaluating the effect of early pregnancy obesity (or overweight) with the incidence of
APOs set to the level that would have naturally occurred in an individual with normal

BMI in early pregnancy and, as such, represents the influence of obesity or overweight
(early pregnancy) on CVD risk-factor levels (years after delivery) that is independent of
APO. The NIE is obtained by comparing CVD risk-factor levels associated with obesity or
overweight (early pregnancy) when setting the incidence of APOs to what it would have
been for obesity or overweight (compared with normal BMI), and represents the influence
of excess weight on CVD risk-factor levels years after delivery that can be explained by its
influence on APOs. The TE decomposes into the sum of the NDE and NIE. In models where
we detected a TE and NIE, we estimated the proportion mediated (NIE/TE x 100, %) and
respective 95% confidence intervals (Cl), where 100% reflects no NDE and 0% reflects no
NIE (i.e., no mediation by the APO).

First, we used unadjusted and adjusted generalized linear models to individually estimate the
exposure-outcome (linear), mediator-outcome (linear), and exposure-mediator associations
(logistic). Figure 1 visually represents the potential pathways with a causal directed acyclic
graph.*3 We calculated adjusted population attributable fractions for the exposure-mediator
association for obesity and overweight compared with normal BMI. Next, we applied

the counterfactual approach to perform the primary mediation analyses. Separate analyses
were performed for each mediator to preserve interpretability of the causal estimands. In

all settings, the mediator model was a logistic regression model and the outcome model

Circ Res. Author manuscript; available in PMC 2024 October 13.
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was a linear regression model. All models contained fixed effects for site to account for
regional differences in unmeasured confounders. Continuous covariates were included as
linear terms, and categorical covariates were included as indicator variables in all models.
We did not detect any interaction between the exposure and mediator (data not shown), so
results are presented for models without said interaction. 95% CI were generated using a
nonparametric bootstrap with 1,000 re-samplings.

To assess robustness of our findings, several sensitivity analyses were conducted. First,
analyses were replicated for waist circumference as an alternate measure reflecting central
adiposity. Second, gestational weight gain z-score was included as a potential confounder for
the mediators and outcomes.*4

This study followed the STROBE reporting guidelines with reporting of the mediation
analysis done in accordance with the AGReMA statement.31 We conducted multiple
imputation by chained equations with fully conditional specification using the STATA

“mi impute chained” package to impute missing data at baseline using previously
published methods.#>46 The pre-imputed dataset baseline characteristics are displayed in
Supplemental Table 1. The levels of missingness and models used to impute the variables
are listed in Supplemental Table 2. We created 10 imputed datasets and the distribution of
covariates between the observed and imputed datasets were similar. All regression analyses
described above were performed separately in each of the imputed datasets and the results
were combined using Rubin rules.*” All mediation analyses were done using “paramed”.
Analyses were performed in STATA Version 18. P values less than 0.05 based on a 2-tailed
test were considered statistically significant.

Participant Characteristics

Association

Table 1 displays the characteristics of 4,216 pregnant individuals enrolled at a mean
gestational age of 11.4 weeks (range 6 weeks 0 days —13 weeks 6 days). At the early
pregnancy first study visit, mean (SD) maternal age was 27 (6) years old and 53% had a
normal BMI, 25% were overweight, and 22% had obesity. Mean (SD) gestational duration
was 39 (2) weeks with mean birthweight of 3.3 [range 0.4-5.1] kg. hypertensive disorders
of pregnancy occurred in 15% of the participants, of whom 9% had preeclampsia/eclampsia
and 6% gestational hypertension. Also, 8% had preterm birth, 11% had small-for-gestational
age birth, and 4% had gestational diabetes (Supplemental Table 3). The follow-up visit
occurred in participants at a mean 3.7 years (range 2-7) after the baseline study visit.

Between Early Pregnancy BMI (Exposure) and APOs (Mediators)

Compared with those with a normal BMI in early pregnancy, individuals with overweight
BMI (aOR: 1.64 [1.31-2.06] or obesity (adjusted OR [aOR, 95% CI]: 2.34 [1.85-2.96]

had higher risk of hypertensive disorders of pregnancy (Supplemental Table 4). These
results were similar in magnitude when examined for overweight or obesity associated with
preeclampsia/eclampsia and gestational hypertension individually as well as with gestational
diabetes (Supplemental Table 4). In contrast, overweight or obesity, compared with normal

Circ Res. Author manuscript; available in PMC 2024 October 13.
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BMI, was not significantly associated with preterm birth or small-for-gestational age birth in
adjusted models.

Between APOs (Mediators) and Cardiovascular Health Factors (Outcomes)

Next, we evaluated the associations between APOs and incident hypertension,
hyperlipdemia, and diabetes at 2—7 years (mean 3.7) after delivery (Table 2, Supplemental
Table 5). After adjustment for demographics and baseline health bevhaiors, psychosocial
stressors, and CVD risk factor levels, hypertensive disorders of pregnancy were associated
with higher risk of incident hypertension (adjusted OR 1.97 [1.61-2.40]) and hyperlipidemia
(1.31[1.03-1.67]). In addition, hypertensive disorders of pregnancy were associated with
higher SBP and total cholesterol levels (adjusted mean difference [95% CI] for SBP:

3.33 [2.36-4.31] mm Hg and total cholesterol 3.83 [0.62—7.04]) mg/dL, but not glucose
levels. These results were similar for hypertension when preeclampsia/eclampsia and
gestational hypertension were examined individually (Supplemental Table 5). In contrast,
gestational hypertension was not associated with incident hyperlipidemia or total cholesterol
levels. Gestational diabetes was associated with incident hyperlipidemia and diabetes as
well as higher cholesterol glucose levels (Supplemental Table 5). Preterm birth was also
associated with higher risk of incident hypertension, hyperlipidemia, and diabetes. Small-
for-gestational age birth was not associated with any of the CVD risk factors.

Direct and Indirect Associations Between Early Pregnancy BMI and CVD Risk Factors
Mediated by APOs

Figure 2 visually displays the distributions and unadjusted associations between early
pregnancy BMI and CVD risk factor levels. For hypertensive disorders of pregnancy as

a mediator, Table 3 presents the total, direct, and indirect associations, along with estimates
of the proportion mediated only where interpretable. Compared with pregnant individuals
with normal BMI in early pregnancy, those beginning pregnancy with overweight or
obesity had higher risk of incident hypertension, hyperlipidemia, and diabetes at follow-up
(total effect). The mean differences between obesity and normal BMI in early pregnancy
were significantly higher for SBP (2.05 [1.33-2.78]) mm Hg and fasting glucose levels
(1.02 [0.10-1.94]) mg/dL. There was a significant but small proportion of mediation by
hypertensive disorders of pregnancy between obesity and incident hypertension (% mediated
12.9 [10.5-15.2]). Associations with hyperlipidemia and diabetes were independent of
hypertensive disorders of pregnancy (evidenced by no significant mediation). Similar
findings of significance were observed when 99% CI were calculated to account for
multiple comparisons (Supplemental Table 6). When each subtype of hypertensive
disorders of pregnancy was examined individually (preeclampsia/eclampsia and gestational
hypertension), there was no significant mediation observed for the association between
obesity and incident CVD risk factors (Supplemental Table 7). While gestational diabetes
did not mediate the association between obesity and hypertension or hyperlipidemia, it did
mediate a small but significant association between obesity and fasting glucose levels (%
mediated 10.0% [7.5-12.5]) (Supplemental Table 8). Preterm birth and small-for-gestational
age birth did not mediate the association between obesity and any incident CVD risk factors
or risk-factor levels (Supplemental Table 8). Similar patterns of results were observed for
overweight vs. normal BMI across the APO subtypes.

Circ Res. Author manuscript; available in PMC 2024 October 13.
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Sensitivity Analyses

High waist circumference (>88 cm) was associated with hypertensive disorders of pregnancy
(as well as preeclampsia/eclampsia and gestational hypertension, individually) and
gestational diabetes, but not preterm birth or small-for-gestational age birth (Supplemental
Table 9). Hypertensive disorders of pregnancy mediated a significant proportion of the
association between high waist circumference in early pregnancy and incident hypertension
that was similar in magnitude to the association observed for high BMI (Supplemental

Table 10). Preterm birth, small-for-gestational age birth, and gestational diabetes did not
significantly mediate any of the relationship between waist circumference and CVD risk
factors (Supplemental Table 11). The addition of gestational weight gain z-score as a
confounder did not change the results of our analyses for the primary mediator, hypertensive
disorders of pregnancy (Supplemental Tables 12 and 13).

DISCUSSION

The primary finding of this study was that two types of adverse pregnancy outcomes,
hypertensive disorders of pregnancy and gestational diabetes, mediated a statistically
significant but small proportion of the association between overweight or obesity in

early pregnancy and certain CVD risk factors at a mean follow-up of 3.7 years post-
partum. Patterns differed across risk factors whereby hypertensive disorders of pregnancy
partially mediated the association between early pregnancy BMI and a vascular risk factor
(hypertension), and gestational diabetes partly mediated the association between early
pregnancy BMI and a metabolic risk factor (glucose). In contrast, preterm birth and small-
for-gestational age birth did not mediate any of the associations between overweight or
obesity and CVD risk factors post-partum. In aggregate, this study provides important
data to support that APOs likely represent a marker of pre-pregnancy CVD risk and are
not a clinically significant mediator through which higher BMI early in an individual’s
first pregnancy may influence CVD risk factors even in the short-term soon after delivery.
Importantly, early pregnancy BMI was significantly associated with APOs and incident
hypertension, hyperlipidemia, and diabetes, suggesting that interventions should focus in
early pregnancy or pre-pregnancy for the greatest yield in CVD prevention.

This study contributes to the growing evidence base that APOs represent a marker of
increased CVD risk that is manifest clinically during pregnancy and associated with
increased risk of CVD risk after pregnancy.84849 The significant mediation of the
association, even if it is small in magnitude, by hypertensive disorders of pregnancy suggests
a small role for an obesity-associated BP pathway and supports the putative mechanistic
data linking vascular dysfunction (e.g., angiogenesis)®%-53 as a shared cause of hypertensive
disorders of pregnancy and CVD. In fact, pre-pregnancy obesity was associated with a
greater than 2-fold risk of hypertensive disorders of pregnancy, even afer adjusting for

key covariates at baseline such as SBP in early pregnancy, in this cohort of nulliparous
individuals. This work builds upon recent observational data that genetic predisposition for
obesity and hypertension via a polygenic risk score was significantly associated with risk
for hypertensive disorders of pregnancy®#, and supports the hypothesis that hypertensive
disorders of pregnancy may be a manifestation of underlying metabolic and vascular risk.

Circ Res. Author manuscript; available in PMC 2024 October 13.
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These data further extend the understanding of heterogeneity in the associations between
each APO subtype and cardiovascular health and demonstrates the incremental independent
(and potential causal) effect of both hypertensive disorders of pregnancy and gestational
diabetes on future CVD risk.8 The observation that gestational diabetes, which occurs due to
placental-mediated insulin resistance®®, partially mediates an obesity-associated metabolic
pathway supports the importance of pre-pregnancy risk in the manifestation of gestational
diabetes. The lack of significant mediation by preterm birth and small-for-gestational age
birth in future cardiovascular health may be related to the diverse phenotypes, etiologies,
and severity for these APOs, which may co-occur concurrently or in the absence of either
hypertensive disorders of pregnancy or gestational diabetes. It is also important to note

that these data confirm and still support the identification of APOs as a “risk-enhancing”
factor given the significant association between both hypertensive disorders of pregnancy
and gestational diabetes and incident CVD risk factors, and highlights pregnancy as an
“early cardiovascular moment”.2 While the present study focused on CVD risk factors and
not CVD in this young sample, these risk factors largely mediate the association between
APOs and future CVD, and thus represent important intermediate targets for prevention,
particularly in young adults before hard or symptomatic CVD events occur.1 Future
research should also evaluate how pregnancy events may affect postpartum weight retention,
and in turn, whether postpartum weight retention is a potential target for interventions to
improve long-term cardiovasulcar health.56

Given the study findings, improved access to preconception health care coupled with
support for health behavior interventions to optimize body weight in the pre-pregnancy

or early pregnancy period merits investigation as a modifiable target for prevention of

both APOs and CVD. While this analysis cannot identify what effective interventions

may be (e.g., health behavior counseling before and during pregnancy, pharmacotherapy
pre-pregnancy for weight loss), this analysis demonstrates that weight optimization should
be an important focus for public health strategies to improve maternal health in the short-
and long-term. The US Preventive Services Task Force®’ and the American College of
Obstetricians and Gynecologists (ACOG) recommend clinicians provide resources or refer
persons of reproductive age to behavioral interventions to enhance healthful behaviors prior
to conception, which was also highlighted in a joint statement by the ACOG and AHA 5859
However, execution of such counseling and interventions is limited by the inadequacy of the
US health care system. Many individuals lack health insurance prior to conception, and other
structural and systemic barriers prevent equitable access to comprehensive reproductive and
primary care.

The prevalence of pre-pregnancy overweight and obesity is increasing among reproductive-
aged birthing people, with nearly half of all individuals with overweight or obesity in the US
in 2019.50 Therefore, the focus on optimizing weight in the critical period before pregnancy
is likely to have broad clinical and public health relevance for long-term cardiovascular
health, which was highlighted in a recent AHA Scientific Statement focused on optimization
of pre-pregnancy cardiovascular health.51 Our data further support the importance of pre-
pregnancy interventions as a priority for long-term cardiovascular health promotion largely
independent of APOs. APOs appear to largely represent an important surrogate marker

of pre-pregnancy CVD risk given the limited mediation noted between early pregnancy
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obesity and CVD risk factors years after delivery. While emerging data also support
intergenerational transmission of cardiovascular risk associated with maternal obesity52, it
is not known if APOs mediate some of this risk to the offspring or similarly predominantly
represent a marker of shared risk.

Strengths of this study include the geographic and racial and ethnic diversity of participants,
high-quality objective measurement of overall and central adiposity at the first prenatal visit
in the first trimester in an individual’s first pregnancy when gestational weight gain should
not substantially influence these measures or CVD risk factor levels, chart abstraction of
APOs with rigorous adjudication, and long-term follow-up years after delivery for CVD risk
factors with objective measurement.

This study has some limitations. First, the cohort only included nulliparous individuals and
studies including multiparous individuals are needed for broader generalizability. Second,
BMI is an incomplete surrogate for adiposity distribution or degree of visceral adiposity that
may more accurately reflect obesity-associated CVD risk. However, consistent results were
observed with waist circumference as a measure of central obesity in sensitivity analyses.
Third, WC measurements were obtained in the first trimester of pregnancy. However,

these measures should not be influenced by the size of the uterus at this early point in
pregnancy. Fourth, while our cohort was diverse and included 8 cities across the US, there
was a low proportion of Asian individuals, who have a disproportionately higher risk of
gestational diabetes, enrolled. Therefore, future studies should focus and prioritize studies
on CVH in this population in the peripartum period. Fifth, as with any application of a
causal inference framework in observational data, our interpretation is limited by potential
for unmeasured confounding. However, our analyses robustly adjusted for key covariates,
including demographics, baseline health behaviors, psychosocial stressors, and CVD risk
factor levels. Additionally, in sensitivity analyses, in which we adjusted for gestational
weight gain, results were consistent with the primary analyses. To truly invalidate our
results, an unmeasured confounder must affect pre-pregnancy BMI and post-pregnancy
CVD risk factors through pathways that are independent of the measured covariates, which
we think is not biologically plausible in this scenario.53 We also note that, as in all studies,
there is the possibility of omitted variable bias, including in regards to clinician bias related
to obesity in care and treatment during pregnancy and postpartum.

CONCLUSIONS

In this multicenter, diverse observational cohort, APOs had heterogeneous patterns in the
mediation of the association between maternal BMI early pregnancy and CVD risk factors
after delivery. Specifically, hypertensive disorders of pregnancy statistically significantly
mediated a small proportion of the association with incident hypertension and gestational
diabetes statistically significantly mediated a small proportion of the association with fasting
glucose after delivery. This contributes to the growing evidence base that APOs largely
represent a marker of pre-existing CVD risk that is unmasked during pregnancy and suggests
growing emphasis on early pregnancy or pre-pregnancy interventions before an APO occurs.
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Novelty and Significance
What is Known?

. Adverse pregnancy outcomes complicate nearly 20% of pregnancies in the
United States and are associated with future risk of cardiovascular disease

. Both adverse pregnancy outcomes and cardiovascular disease share upstream
risk factors, such as obesity

. However, the causal role of adverse pregnancy outcomes in the development
of cardiovascular disease remains unclear (i.e., are adverse pregnancy
outcomes a marker or mediator in the association between obesity and
cardiovascular disease risk)

What New Information Does this Article Contribute

. This study demonstrates a significant association of maternal obesity with
adverse pregnancy outcomes and cardiovascular health (as measured by
incident hypertension and diabetes)

. The proportion of risk mediated by adverse pregnancy outcomes varied
significantly by type of pregnancy complication with a small proportion
of the association between obesity and cardiovascular health mediated by
hypertensive disorders of pregnancy and no significant mediation by preterm
birth or small-for-gestational age birth

This study suggests that adverse pregnancy outcomes are a marker of pre-pregnancy
cardiovascular disease risk that becomes clinically manifest during the stress of
pregnancy and does not significantly independently contribute to cardiovascular disease
risk after pregnancy. However, adverse pregnancy outcomes are an important marker of
high cardiovascular disease risk and may serve as an important clincial marker for more
intensive preventive interventions to reduce lifetime risk of cardiovascular disease.
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Figure 1. Direct Acyclic Graph Representing a Causal Structural Model Of Mediation of the
Association Between Obesity in Early Pregnancy and Cardiovascular Health After Delivery.

Mediating pathway via adverse pregnancy outcomes of the association between obesity in
early pregnancy and CVD risk factor levels years after delivery.
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Figure 2. Associations Between Body Mass Index in Early Pregnancy and CVD Risk Factors
after Delivery.

The data represent individuals at study enrollment (mean gestational age 11.4 weeks) and
CVD risk factor levels measured at a mean follow-up of 3.7 years after delivery. Best-fit
lines estimated via ordinary least squares regression were superimposed on the scatterplots
to visualize associations. Statistics are based on 10 imputed datasets; N=4,216 participants.
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Participant Characteristics in Early Pregnancy Overall and Stratified by Body Mass Index Categories

% or mean (SD)

Overall Cohort

Normal BMI (<25

Overweight (25kg/m? < BMI <

Obesity (=30 kg/m?)

kg/m?) 30 kg/m?)
Maternal age, years 27.1(5.5) 27.3(5.3) 27.3(5.6) 26.5 (5.6)
Self-reported race and ethnicity, %
Non-Hispanic White 63.0% 68.6% 60.7% 52.5%
Non-Hispanic Black 13.0% 8.5% 12.5% 24.1%
Hispanic/Latinx 16.3% 14.2% 20.5% 16.6%
Asian 3.2% 4.6% 2.2% 0.7%
Other? 4.5% 4.1% 4.0% 6.0%
Health insurance type, %

Public or other 29.9% 25.3% 31.8% 38.6%
Private 70.1% 74.7% 68.2% 61.4%
BMI, kg/m? 26.4 (6.3) 21.9 (1.9) 27.1(1.4) 36.0 (5.3)
Waist circumference, cm 95.2 (14.5) 86.0 (7.0) 96.9 (7.3) 115.0 (13.0)
SBP, mmHg 109.2 (10.7) 106.2 (9.8) 109.8 (9.8) 115.6 (10.6)
Glucose, mg/dL? 87.6 (14.8) 85.8 (14.4) 88.4 (15.2) 90.9 (14.6)
Total cholesterol, mg/dL? 186.8 (35.7) 184.2 (34.5) 192.4 (36.1) 186.8 (37.5)

Ever used tobacco, % 39.1% 36.3% 39.6% 45.1%
Physical activity, min 181.3 (175.3) 195.0 (174.7) 176.8 (171.3) 153.8 (177.6)
Healthy eating index 2010 62.7 (12.7) 64.2 (12.8) 62.6 (12.4) 59.2 (12.3)
Sleep duration, hours per night 8.0(1.2) 8.0(1.2) 8.0(1.2) 79(1.4)
Depression score (0-30) 5.7(4.2) 5.4 (4.1) 5.7 (4.2) 6.2 (4.4)
Perceived stress score (0-40) 12.6 (6.6) 12.0 (6.4) 12.6 (6.5) 13.9(7.0)

a . . . S . . N . .
Individuals whose racial or ethnic identity is “other” than that of the listed categories and represents those who identify as American Indian or

Alaskan Native, Native Hawaiian, multiracial, and individuals who did not identify as belonging to any of these groups.

b .
Laboratory values are non-fasti

ng at baseline visit

BMI represents body mass index calculated as weight in kilograms divided by height in meters squared.

Statistics are based on 10 imputed datasets; N=4,216 participants.
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Associations Between Hypertensive Disorders of Pregnancy and Cardiovascular Disease Risk Factors After

Delivery

CVD Risk-Factor Levels 2-7 Years Postpartum

B (95% CI)

Adjusted B (95% C1)*

Systolic blood pressure, mmHg
Fasting total cholesterol, mg/dL

Fasting glucose, mg/dL

495 (3.97,5.92)
572 (2.17,9.27)
157  (0.42,2.72)

3.33
3.83
0.21

(2.36, 4.31)
(0.62, 7.04)
(-1.02, 1.44)

CVD Outcomes 2—-7 Years Postpartum

OR (95% CI)

Adjusted OR (95% ClI)

Hypertension
Hyperlipidemia

Diabetes

273 (2.27,3.29)
167 (1.34,2.08)
097 (051,1.84)

1.97
131
0.67

(1.61, 2.40)
(1.03, 1.67)
(0.34, 1.31)

Top panel presents coefficients and 95% confidence intervals based on linear regression models.

Bottom panel presents odds ratios and 95% confidence intervals based on logistic regression models.

*
All models above adjusted for maternal age, race and ethnicity, insurance, fetal sex, and visit 1 body mass index, smoking, physical activity, diet,
sleep, stress, depression, systolic blood pressure, cholesterol, and glucose.

Hypertensive disorders of pregnancy include pre-eclampsia, eclampsia, and gestational hypertension.

Statistics are based on 10 imputed datasets; N=4,216 participants.
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Table 3.

Adjusted Direct and Indirect Associations Between Early Pregnancy Body Mass Index and Cardiovascular
Disease Risk Factors Years After Delivery and Proportion Mediated via Hypertensive Disorders of Pregnancy

Early pregnancy overweight vs. normal body mass index

CVD Risk Factor Levels Total effect p Direct effect g Mediated B % Mediated *
SBP, mmHg 205 (1.33,278) 190 (1.18,262) 015  (0.03,027) 74 (5.5,9.3)
Fasting TC, mg/dL 0.06 (-2.68,2.81) 0.05 (-2.70,2.81) 0.01 (-0.30,0.31)

Fasting Glucose, mg/dL 1.02 (0.10,1.94) 094 (-0.01,1.88) 0.08 (-0.04, 0.20)

Early pregnancy obesity vs. normal body mass index

CVD Risk Factor Levels Total effect p Direct effect g Mediated B % Mediated
SBP, mmHg 0.80 (-0.21,1.80) 0.43 (-0.58,1.45) 036  (0.16,0.56)
Fasting TC, mg/dL 135 (-1.61,432) 0.68 (-2.31,3.67) 067  (0.02,1.33)

Fasting Glucose, mg/dL 5.17 (3.49,6.86) 5.38 (3.58,7.18) -0.21 (-0.46, 0.05)

Early pregnancy overweight vs. normal body mass index

CVD Risk Factors Total effect OR Direct effect OR Mediated OR % Mediated
Hypertension 1.08  (1.05,1.11) 107  (1.04,1.10) 101  (1.00,1.01)
Dyslipidemia 1.03  (1.01,1.06) 103  (1.01,1.06) 1.00  (1.00,1.00)
Diabetes 101 (1.00,1.01) 1.01  (1.00,1.01) 1.00  (1.00,1.00)

Early pregnancy obesity vs. normal body mass index

CVD Risk Factors Total effect OR Direct effect OR Mediated OR % Mediated
Hypertension 114  (1.10,1.18) 112  (1.08,1.16) 102  (1.01,1.03) 129 (105, 15.2)
Dyslipidemia 111 (1.08,1.14) 110 (1.07,1.13) 101  (1.00,1.02)
Diabetes 103 (1.01,1.04) 1.03  (1.01,1.05) 1.00  (0.99, 1.00)

*
Proportion mediated = Mediated B/Total effect B; when all or none of the effect is mediated (no statistically significant direct or mediated effect,
respectively), the percent mediated may be estimated outside of 0-100%.

All models above adjusted for maternal age, race and ethnicity, insurance, fetal sex, and visit 1 smoking, physical activity, diet, sleep, stress,
depression, SBP, cholesterol, and glucose.

Abbreviations. CVD: Cardiovascular disease; SBP: systolic blood pressure; DBP: diastolic blood pressure; TC: total cholesterol; TG: triglycerides.
Statistics are based on 10 imputed datasets; N=4,216 participants.
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