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IMPORTANCE Pregnancy may be a key window to optimize cardiovascular health (CVH) for
the mother and influence lifelong CVH for her child.

OBJECTIVE To examine associations between maternal gestational CVH and offspring CVH.

DESIGN, SETTING, AND PARTICIPANTS This cohort study used data from the Hyperglycemia
and Adverse Pregnancy Outcome (HAPO) Study (examinations: July 2000-April 2006) and
HAPO Follow-Up Study (examinations: February 2013-December 2016). The analyses
included 2302 mother-child dyads, comprising 48% of HAPO Follow-Up Study participants,
in an ancillary CVH study. Participants were from 9 field centers across the United States,
Barbados, United Kingdom, China, Thailand, and Canada.

EXPOSURES Maternal gestational CVH at a target of 28 weeks' gestation, based on 5 metrics:
body mass index, blood pressure, total cholesterol level, glucose level, and smoking. Each
metric was categorized as ideal, intermediate, or poor using pregnancy guidelines. Total CVH
was categorized as follows: all ideal metrics, 1or more intermediate (but O poor) metrics,
1poor metric, or 2 or more poor metrics.

MAIN OUTCOMES AND MEASURES Offspring CVH at ages 10 to 14 years, based on 4 metrics:
body mass index, blood pressure, total cholesterol level, and glucose level. Total CVH was
categorized as for mothers.

RESULTS Among 2302 dyads, the mean (SD) ages were 29.6 (2.7) years for pregnant mothers
and 11.3 (1.1) years for children. During pregnancy, the mean (SD) maternal CVH score was 8.6
(1.4) out of 10. As shown in the Table, 32.8% of pregnant mothers had all ideal metrics,
whereas 6.0% had 2 or more poor metrics, and the distribution of CVH categories among
offspring varied by maternal CVH category. In adjusted models, poorer maternal CVH
categories (vs all ideal maternal metrics) were associated with higher relative risks for
offspring to have 1 poor and 2 or more poor metrics (vs all ideal metrics).

Prevalence of metrics, % (95% CI)

Allideal 21 Intermediate 1 Poor 22 Poor
Pregnant mothers 32.8(30.6-35.1) 31.7(29.4-34.0) 29.5(27.2-31.7) 6.0(3.8-8.3)
Children of mothers 42.2(38.4-46.2) 36.7(32.9-40.7) 18.4(14.6-22.4) 2.6 (0-6.6)

with all ideal metrics

Children of mothers
with 22 poor metrics

30.7(22.0-40.4)  28.3(19.7-38.1)  30.7(22.0-40.4) 10.2(1.6-20.0)

Adjusted relative risk (95% Cl)

Children having 1 poor 1.17(0.96-1.42)  1.66(1.39-1.99)  2.02(1.55-2.64)

metric (vs ideal)
Children having 22 poor
metrics (vs ideal)

2.15(1.23-3.75)  3.32(1.96-5.62) 7.82(4.12-14.85)

Additional adjustment for categorical birth factors (eg, preeclampsia) did not fully explain
these significant associations (eg, relative risk for association between 2 or more poor metrics
among mothers during pregnancy and 2 or more poor metrics among offspring after
adjustment for an extended set of birth factors, 6.23 [95% Cl, 3.03-12.82]).

CONCLUSIONS AND RELEVANCE In this multinational cohort, better maternal CVH at 28 weeks'
gestation was significantly associated with better offspring CVH at ages 10 to 14 years.
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estation is increasingly recognized as a critical period

for the offspring’s life-long health after birth.! In utero

exposure to poor maternal health may lead to a higher-
risk trajectory for cardiovascular disease (CVD), for example,
via epigenetic modifications to cardiometabolic regulatory
genes.! Singly and in separate studies, risk factor extremes, such
as obesity,? diabetes,® and hypertensive disorders,* during
pregnancy have been significantly associated with higher long-
term CVD risks among offspring. However, combinations of risk
factor levels that are nonideal but below clinical diagnostic
thresholds are more common and may contribute more to
population disease burdens.”

The American Heart Association’s (AHA’s) cardiovascular
health (CVH) construct characterizes a spectrum of health lev-
els by combining multiple metrics: body mass index (BMI),
blood pressure, total cholesterol level, glucose level, smok-
ing, diet, and physical activity.® CVH is a global, positive health-
oriented (rather than disease-oriented) construct that has
proven widely applicable across clinical settings.” Excluding
pregnant women, better CVH has been significantly associ-
ated with positive health outcomes, including greater healthy
longevity and less CVD, among many others.” Data regarding
CVH during pregnancy are sparse, but application of the CVH
construct across a woman’s reproductive life course has been
recommended by the AHA and American College of Obstetri-
cians and Gynecologists.®

Gestational CVH—formally characterized by the combina-
tion of 5 clinical metrics: BMI, blood pressure, total choles-
terol level, glucose level, and smoking—has been signifi-
cantly associated with risks for adverse pregnancy outcomes,®
but its relevance for longer-term health in offspring remains
unknown. Therefore, the primary objective of this analysis
was to examine associations of maternal CVH during preg-
nancy (28 weeks’ gestation) with offspring CVH during early
adolescence (ages 10-14 years).

Methods

Study Design and Participants

All study protocols were approved by the institutional review
boards of all field centers. Mothers gave written informed con-
sent for themselves and their children, and children assented
where required by the local institutional review board.

The Hyperglycemia and Adverse Pregnancy Outcome
(HAPO) Study was a cohort study designed to examine asso-
ciations between glycemia and pregnancy outcomes; the study
results led to new, less-restrictive diagnostic criteria for ges-
tational diabetes.!° Study methods have been described.!'*
Briefly, pregnant women without pregestational diabetes were
enrolled at 15 international field centers. Women were exam-
ined at a target of 28 weeks’ gestation (range, 24-32), new-
borns were examined within 72 hours of delivery, and data were
collected through pregnancy and 4 to 6 weeks postpartum.

The HAPO Follow-Up Study reexamined 4747 mother-
offspring dyads in 10 of the original 15 field centers 10 to 14 years
after delivery (in 2013-2016).'* Study eligibility required that
women and caregivers had remained blinded to glycemia lev-
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Key Points

Question Is maternal cardiovascular health during pregnancy
(characterized by the combination of 5 metrics: body mass index,
blood pressure, total cholesterol level, glucose level, and smoking)
associated with offspring cardiovascular health during early
adolescence (characterized by the combination of 4 metrics:

body mass index, blood pressure, total cholesterol level, and
glucose level)?

Findings In this multinational cohort study of 2302 mother-child
dyads, poorer maternal cardiovascular health at a mean of 28
weeks' gestation was significantly associated with higher risks for
poorer offspring cardiovascular health at ages 10 to 14 years
(adjusted relative risk for association between =2 poor [vs all
ideal] maternal metrics and =2 poor [vs all ideal] offspring
metrics, 7.82).

Meaning Maternal cardiovascular health during pregnancy was
significantly associated with offspring cardiovascular health during
early adolescence.

els during pregnancy (and thus no treatment had been given
based on glycemia), delivery occurred at 37 weeks’ gestation
or later, and the newborn had no major malformation. A ran-
dom approximately 50% subset of HAPO Follow-Up Study
dyads distributed across ancestry groups (African, Asian,
European, Mexican American) from 9 field centers across the
United States, Barbados, United Kingdom, China, Thailand, and
Canada were included in an ancillary CVH study® and thus had
data for the present analyses; we excluded O mothers and 2
children with type 1 diabetes.

Maternal CVH During Pregnancy

Maternal CVH was characterized using data from the baseline
study examination at 28 weeks’ gestation (range, 24-32).!!
As in prior studies of nonpregnant adults,'® CVH in preg-
nancy was based on the combination of 5 “clinical” CVH met-
rics: BMI, blood pressure, total cholesterol level, glucose level,
and smoking (Table 1) because diet and physical activity data
were not collected. Height, weight, and blood pressure were
each measured twice by trained study personnel using cali-
brated instruments. BMI was calculated as weight in kilo-
grams divided by height in meters squared. Antihypertensive
medication use was abstracted from medical records. Venous
blood was drawn fasting and 1and 2 hours after a 75-g oral glu-
cose load and sent to central lipid and glucose laboratories for
analysis. Fasting serum lipid levels were measured enzymati-
cally (Beckman DxC 600), with total and within-run coeffi-
cients of variation of 3.0% or less and 2.0% or less, respec-
tively. Fasting, 1-hour, and 2-hour plasma glucose levels were
measured with enzymatic methods (Vitros 750); quality-
control data have been reported.'? Smoking status was col-
lected by questionnaire.

Each CVH metric was classified as ideal, intermediate, or
poor using pregnancy guidelines'®'®'7 as available (Table 1).
For BMI, to appropriately account for gestational weight
gain, we regressed gestational BMI (at the study examina-
tion) on prepregnancy BMI (available in 91.6%, based on self-
reported prepregnancy weight) and gestational age (at the
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Table 1. Classification of Cardiovascular Health Metrics for Mother and Offspring

Ideal metrics

Intermediate metrics

Poor metrics

Source (2 points) (1 point) (0 points)
Body mass index®
Mother during pregnancy HAPO Study/American Heart Association® <28.4 28.5-32.9 233
Offspring at follow-up International Obesity Task Force© Normal Overweight Obese
Blood pressure, mm Hg
Mother during pregnancy American College of Obstetrics SBP<120 SBP 120-139 SBP=140 or DBP290
and Gynecology and DBP<80 or DBP 80-89

Offspring at follow-up

Age 10-12y

Age 13-14y

Total cholesterol level, mg/dL
Mother during pregnancy

Offspring at follow-up

American Academy
of Pediatrics Guideline 2017/
American Heart Association

No guidelines?
NHLBI Pediatric Guideline 2011/

<90th percentile

>90th percentile

>95th percentile

American Heart Association
Blood glucose level, mg/dL

International Association of Diabetes
and Pregnancy Study Groups®

Mother during pregnancy

American Heart Association/
American Diabetes Association

Offspring at follow-upf

Smoking status

Mother during pregnancy American Heart Association

and <120/<80 or SBP 120-129 or SBP=130
and <95th percentile or DBP=80
and DBP<80
<120/<80 SBP 120-129 SBP>130 or DBP=80
and DBP<80
<260 260-299 2300
<170 170-199 2200
All others Gestational diabetes:
fasting 292
or 1-h 0GTT=180
or 2-h 0GTT2153
Fasting <100 Fasting 100-125 Fasting 2126
No Yes

Abbreviations: DBP, diastolic blood pressure; HAPO, Hyperglycemia and
Adverse Pregnancy Outcome; NHLBI, National Heart, Lung, and Blood Institute;
OGTT, oral glucose tolerance test; SBP, systolic blood pressure.

Sl conversion factors: To convert total cholesterol to mmol/L, multiply by
0.0259; triglycerides to mmol/L, multiply by 0.0113; and glucose to mmol/L,
multiply by 0.0555.

2 Calculated as weight in kilograms divided by height in meters squared.

b Based on HAPO Study-specific regression of body mass index at study
examination on prepregnancy body mass index (in 91.6% of participants with
data available), categorized with American Heart Association definitions. See
the Methods section for details.

¢ Defined by age- and sex-specific thresholds that correspond to adult
overweight and obesity thresholds, using Asian-specific thresholds for Asian
children and international thresholds for all others.

9No guidelines define risk levels for total cholesterol level or other lipids in
pregnancy. Specific thresholds were selected based on total cholesterol level
distributions and clinical relevance. In a sensitivity analysis, gestational
triglyceride levels were used to define the lipid metric as follows: ideal if less

than 220 mg/dL, intermediate if 220 to less than 300 mg/dL, and poor if
300 mg/dL or greater. See the Methods section for details on the main
classification for total cholesterol level; eMethods in the Supplement for
details on the sensitivity analysis using triglyceride levels; and see eResults and
eFigures1, 2, 3,4, and 5 in the Supplement for detailed results of this
sensitivity analysis.

€ Criteria for diagnosis of gestational diabetes (poor level); HAPO excluded
women with pregestational diabetes mellitus.

f Primary analysis used child fasting glucose criteria shown in the table. Ina
sensitivity analysis, a more comprehensive glycemia categorization was used,
based on the combination of 3 indicators: fasting glucose level (classified per
the table), hemoglobin A, level (ideal if <5.7%, intermediate if 5.7%-6.4%,
poor if >6.4%) and 2-hour OGTT glucose level (ideal if <140, intermediate if
140-199, and poor if =200 mg/dL). Glucose status was considered ideal if all 3
indicators were ideal, intermediate if any indicator was intermediate but none
were poor, and poor if any indicator was poor. See the eMethods in the
Supplement for details, and see eResults and eFigures 1, 2, 3, 4, and 5 in the
Supplement for detailed results of this sensitivity analysis.

study examination) among the entire study cohort, as previ-
ously described.!® Gestational BMI thresholds (<28.4 [ideal],
28.5-32.9 [intermediate], and >33 [poor]; Table 1) comparable
with World Health Organization/AHA® categories for non-
pregnant adults were thus identified. For blood pressure, we
used pregnancy guidelines.'® For total cholesterol level, no
pregnancy guidelines exist, although lipid levels increase
substantially during pregnancy.!® We defined total choles-
terol levels less than 260 mg/dL as ideal, 260 to 299 mg/dL as
intermediate, and 300 mg/dL or greater as poor, based on
distributions among mothers in the study (yielding propor-
tions ideal, intermediate, and poor similar to those for BMI)
and ranges reported in uncomplicated pregnancies.'® For glu-
cose level and smoking, based on guidelines'®!” and available
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data, poor status was defined for each and all others were
considered to have ideal status. Poor glucose was defined
as gestational diabetes (International Association of Diabetes
in Pregnancy Study Groups/World Health Organization
criteria'®), and poor smoking status was defined as current
smoking (at 24-32 weeks’ gestation).

Total CVH was scored with the same simple, positively
framed algorithm that has previously been used to identify in-
dividuals who are at very low risk for a wide range of adverse
health outcomes across a variety of clinical settings, consis-
tent with the positive, global health-promotion focus of
the CVH construct.®2°! Each of the 5 metrics was assigned 2
points for ideal, 1 for intermediate, and O for poor levels, yield-
ingatotal CVH score range of O to 10 points. Total CVH was also
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categorized into 4 mutually exclusive groups (as previously
categorized®'): all ideal metrics, 1 or more intermediate (but
0 poor) metrics, 1 poor metric, or 2 or more poor metrics.

Offspring CVH During Early Adolescence

Offspring CVH was characterized using data from the study
examination at ages 10 to 14 years,'* based on the combina-
tion of 4 clinical CVH metrics: BMI, blood pressure, total cho-
lesterol level, and glucose level. Measurement methods for
child metrics were similar to those for pregnant mothers;
details are provided in the eMethods in the Supplement.
Each CVH metric was classified as ideal, intermediate, or
poor using pediatric guidelines (Table 1).%22-2> For BMI, age-
and sex-specific International Obesity Task Force thresholds
were used (Asian-specific for Asian children; international for
others).!*-22 For blood pressure,?® total cholesterol level,®24
and glucose level,®2> US pediatric guidelines were used. As
for mothers, offspring total CVH was scored (based on 4 met-
rics, yielding a range of 0-8 points) and categorized (into 4
groups, as above).

Covariates

During pregnancy, maternal demographics, parity, and alco-
hol use were collected via questionnaire, and gestational age
was determined by last menstrual period and/or ultrasound.™
Race and ethnicity were self-reported using prespecified cat-
egories; these data were collected to describe the study popu-
lation, given the multinational study design. Perinatal out-
comes were ascertained by a combination of maternal and
newborn examinations and medical record abstraction using
standardized criteria, as previously detailed.®!* At follow-
up, child demographics and menstrual history for girls were
provided by mothers via questionnaire, and Tanner stage was
determined by trained study personnel.!*

Statistical Analyses

Primary Analysis: Associations of Maternal Gestational CVH

With Offspring CVH

We calculated unadjusted prevalence for each offspring CVH
score or category by maternal gestational CVH score or cat-
egory and used the Cochran-Armitage test for trend to assess
for ordered differences across gestational CVH categories. We
examined covariate-adjusted associations of gestational CVH
with offspring CVH, using linear regression to estimate
regression coefficients for the offspring CVH score outcome
and modified Poisson regression with robust standard errors
to estimate relative risks (RRs) for the offspring CVH categori-
cal outcomes. Model 1 covariates included field center and
child sex and age at CVH measurement. Model 2 covariates
additionally included maternal pregnancy variables of age,
gestational age at CVH measurement, parity, height, and
alcohol use.

Secondary Analyses

See eMethods in the Supplement for details. First, to deter-
mine whether significant maternal-offspring total CVH asso-
ciations were driven by any single maternal or offspring CVH
metric, we repeated analyses using individual gestational CVH
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metrics as exposures (adjusting for the other metrics) and in-
dividual offspring CVH metrics as outcomes. Second, to de-
termine whether significant maternal-offspring CVH associa-
tions were fully explained by pregnancy and birth outcomes
(or were partly independent, suggesting clinical utility of ges-
tational CVH to provide additional information about off-
spring risk for poorer CVH by early adolescence), we adjusted
for 3 separate sets of perinatal outcomes: (1) “clinical” set: pre-
eclampsia/eclampsia, low birthweight (<2.5 kg), and macro-
somia (>4.5 kg); (2) “extended” set: preeclampsia/eclampsia,
newborn small and large for gestational age (<10th and >90th
percentiles), sum of skinfolds more than the 90th percentile,
and cord blood insulin sensitivity index less than the 10th per-
centile; and (3) “comprehensive” set: extended set plus ges-
tational hypertension and gestational diabetes (with gesta-
tional CVH thus characterized by only BMI, total cholesterol
level, and smoking status).

Sensitivity Analyses

See eMethods in the Supplement and Table 1 footnotes for de-
tails. We conducted 4 separate sensitivity analyses for the pri-
mary maternal-offspring CVH associations: (1) additional ad-
justment was made for child Tanner stage, (2) underweight
mothers and children were excluded, (3) the gestational CVH
lipid metric was defined using triglyceride (instead of total cho-
lesterol) levels,® and (4) the offspring CVH glucose metric was
defined with a composite of fasting and 2-hour postload glu-
cose levels and hemoglobin A, level.

All analysesincluded complete cases; data missingness was
assessed for the primary analytic sample of 2302 dyads. Analy-
ses were performed in R version 3.6.2.2° Model assumptions
were confirmed, and P values less than .05 based on a 2-tailed
test were considered statistically significant.

. |
Results

Participant Characteristics

The primary analytic sample included 2302 mother-
offspring dyads; 2170 dyads had complete data for both ma-
ternal and offspring CVH scores (eTable 1in the Supplement).
The mean (SD) ages were 29.6 (5.7) years for pregnant moth-
ersand 11.3 (1.1) years for children, and the sample was racially/
ethnically and geographically diverse (Table 2). During preg-
nancy, the mean (SD) maternal CVH score was 8.6 (1.4) out of
10, and 32.8% (95% CI, 30.6%-35.1%) of mothers had all ideal
metrics, whereas 6.0% (95% CI, 3.8%-8.3%) had 2 or more poor
metrics. At follow-up, the mean (SD) offspring CVH score was
6.8 (1.3) out of 8, and 37.3% (95% CI, 35.0%-39.6%) of chil-
dren had all ideal metrics, whereas 4.5% (95% CI, 2.3%-6.8%)
had 2 or more poor metrics (Table 2 and Figure 1).

Primary Analysis: Associations of Maternal Gestational CVH
With Offspring CVH at Ages 10 to 14 Years

The frequencies of offspring CVH scores and categories by ma-
ternal CVH scores and categories are shown in Figure 1. Across
worsening gestational CVH categories (Figure 1B), the preva-
lence of all ideal CVH metrics among offspring declined (from
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Table 2. Participant Characteristics

Associations of Maternal Cardiovascular Health in Pregnancy With Offspring Cardiovascular Health in Early Adolescence

No. (%)
Mothers during Offspring
Characteristic pregnancy at follow-up
No. 2302 2302
Field center location
United States® 556 (24.2)
Barbados® 519 (22.5)
United Kingdom*® 468 (20.3)
China® 426 (18.5)
Thailand® 171 (7.4)
Canadaf 162 (7.0)
Age at study examination, mean (SD), y 29.6 (5.7) 11.3(1.1)
Nulliparous at study examination 1106 (48.0)
Gestational age at study examination, mean (SD), wk 27.7 (1.7)
Gestational age at delivery, mean (SD), wk 39.8(1.2)
Female sex 1153 (50.1)
Race/ethnicity
Asian 696 (30.2)
Non-Hispanic White 627 (27.2)
Non-Hispanic Black 590 (25.6)
Hispanic 354 (15.4)
Other9 35(1.5)
Body mass index category at study examination
Ideal 1468 (63.8) 1531 (66.5)
Intermediate 523(22.7) 468 (20.3)
Poor 311(13.5) 302 (13.1)
Blood pressure category at study examination
Ideal 1999 (86.8) 1914 (83.4)
Intermediate 280(12.2) 180 (7.8)
Poor 23(1.0) 200(8.7)
Total cholesterol category at study examination
Ideal 1445 (63.7) 1439 (65.1)
Intermediate 573 (25.3) 564 (25.5)
Poor 249 (11.0) 207 (9.4)
Glucose category at study examination
Ideal ATS ) ALY 2 Includes centers at Bellflower,
Intermediate 167 (7.5) California; Chicago, lllinois; and
Poor 287 (12.5) 2(0.1) Cleveland, Ohio.
Smoking category at study examination ®In Bridgetown, Barbados.
Ideal 2208 (95.9) € In Manchester and Belfast.
Eoon 94 (4.1) 91n Hong Kong Special Administrative

Cardiovascular health score at study examination, mean (SD)

Cardiovascular health category at study examination

8.6 (1.4) out of 10

6.8 (1.3) out of 8

Region of the People’s Republic
of China.

€ In Bangkok.
Allideal metrics 745(32.8) 821(37.3) f In Toronto, Ontario.
>1 Intermediate (but 0 poor) metrics 719 (31.7) 801 (36.3) 2 Qther includes Pacific Islander
1 Poor metric 669 (29.5) 482 (21.9) (n = 3), unlisted race/ethnicity
S 137 (6.0) 100 (4.5) group (n = 29), and race/ethnicity

not reported (n = 3).

662

42.2% [95% CI, 38.4%-46.2%] among offspring exposed to all
ideal gestational CVH metrics to 30.7% [95% CI, 22.0%-
40.4%] among offspring exposed to =2 poor gestational CVH
metrics), and the prevalences of 1 poor metric and 2 or more
poor metrics increased (from 18.4% [95% CI, 14.6%-22.4%] to
30.7% [95% CI, 22.0%-40.4%] and from 2.6% [95% CI, 0%-

JAMA February 16,2021 Volume 325, Number 7

6.6%] to 10.2% [95% CI, 1.6%-20.0%], respectively). Differ-
ences in the distributions of offspring CVH categories across
gestational CVH categories were statistically significant (see
Figure 1B legend).

In adjusted models, each 1-point higher (of 10 possible)
gestational CVH score was significantly associated with better
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Figure 2. Adjusted Associations of Maternal Gestational Cardiovascular Health (CVH)

With Offspring CVH in Childhood

@ Association of maternal gestational CVH score
and categories with offspring CVH score

Estimated regression
coefficient (95% Cl)
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CVH score (per 1 point 0.19(0.15t00.23) i@ <.001
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Ideal) metrics
1 Poor (vs all ideal) metrics -0.47 (-0.61 t0 -0.33) —o—] <.0012
>2 Poor (vs all ideal) metrics -0.81(-1.05 to -0.56) f—&— <.0012
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Relative risk (95% Cl)
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Additional details appear in eTable 2
in the Supplement.

2 Global P value.

offspring CVH category

offspring CVH, including a higher CVH score by 0.19 points
(95% CI, 0.15-0.23) (of 8 possible), an RR of 1.15 (95% CI, 1.10-
1.21) for having all ideal (vs any nonideal) CVH metrics, and
an RR of 0.65 (95% CI, 0.58-0.72) for having 2 or more poor
(vs all ideal) metrics at ages 10 to 14 years (Figure 2A and 2B,
uppermost panels). There were graded associations of gesta-
tional CVH categories with risks for poorer offspring CVH
(Figure 2A and 2B, lower panels; eTable 2 in the Supple-
ment). For example, as shown in Figure 2B (estimates for >2
poor metrics in lower panels), for offspring exposed to 1 or more

JAMA February 16,2021 Volume 325, Number 7

intermediate gestational CVH metrics compared with those ex-
posed to all ideal gestational CVH metrics, the adjusted RR for
2 or more poor metrics at ages 10 to 14 years was 2.15 (95% CI,
1.23-3.75; crude frequencies, 4.5% [95% CI, 0.6%-8.7%] vs 2.6%
[95% CI, 0.0%-6.6%] among offspring exposed to 1 or more in-
termediate vs all ideal gestational CVH metrics [Figure 1B]).
These RRs were 3.32 (95% CI, 1.96-5.62) and 7.82 (95% CI, 4.12-
14.85) for offspring exposed to 1 poor metric and 2 or more poor
gestational CVH metrics, respectively (Figure 2B; see also
Figure 1B for crude frequencies). Differences in these RRs across
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gestational CVH categories were statistically significant
(P < .001, Figure 2B; eTable 2 in the Supplement).

Secondary Analyses: Single CVH Metrics

and Perinatal Outcomes

The associations between individual metrics of maternal ges-
tational CVH and offspring CVH are shown in Figure 3 and
eTable 3in the Supplement. In analyses of single maternal CVH
metrics (Figure 3A; eTable 3 in the Supplement), each gesta-
tional metric, except smoking, was independently and signifi-
cantly associated with total offspring CVH. In analyses of single
offspring CVH metrics (Figure 3B; eTable 3 in the Supple-
ment), gestational CVH scores were significantly associated
with each child metric; gestational CVH categories were most
consistently significantly associated with child BMI, but con-
fidence intervals overlapped with those for other child met-
rics. In analyses examining single maternal and offspring met-
rics (Figure 3C; eTable 3 in the Supplement), each gestational
CVH metric, except smoking, was independently and signifi-
cantly associated with 1 or more offspring CVH metrics. At least
1 gestational CVH metric was independently and signifi-
cantly associated with each of the 4 offspring CVH metrics;
however, no single gestational CVH metric was significantly
associated with all 4 offspring CVH metrics. Compared with
any single gestational CVH metric, total gestational CVH was
significantly associated with a wider range of single CVH met-
rics in offspring (Figure 3B and 3C; eTable 3 in the Supple-
ment). Additionally, the strongest associations between ma-
ternal and offspring CVH were observed for total maternal CVH
and total offspring CVH: adjusted RRs were up to 7.82 (95%
CI, 4.12-14.85) for 2 or more poor metrics among mothers and
2 or more poor metrics among offspring (crude frequencies of
10.2% [95% CI, 1.6%-20.0%] vs 2.6% [95% CI, 0.0%-6.6%]
among offspring exposed to 2 or more poor metrics vs all ideal
gestational CVH metrics; Figure 2B, bottom panel; eTable 2 in
the Supplement; and Figure 1B) vs up to 2.61 (95% CI, 1.70-
4.01) for a single maternal metric (nonideal BMI) and 2 or more
poor metrics among offspring (crude frequencies of 7.1% [95%
CL, 3.4%-11.0%] vs 3.1% [95% CI, 0.3%-5.9%] among offspring
exposed to nonideal vs ideal gestational BMI; Figure 3A;
eTable 3 in the Supplement).

In analyses adjusting for categorical pregnancy and birth
outcomes, significant gestational CVH-offspring CVH asso-
ciations were attenuated but persisted (eTable 2 in the Supple-
ment, right columns). For example, the RR for the association
between 2 or more poor metrics among mothers and 2 or more
poor metrics among offspring was 7.82 (95% CI, 4.12-14.85) in
the primary analysis, 6.49 (95% CI, 3.31-12.75) after adjust-
ment for commonly available birth factors (clinical model), and
6.23 (95% CI, 3.03-12.82) after adjustment for an extended set
of birth factors (extended model). When gestational CVH was
defined only by maternal BMI, total cholesterol level, and
smoking status, and adjustment was made for the most com-
prehensive set of birth factors (including hypertensive disor-
ders of pregnancy and gestational diabetes), this RR was 4.92
(95% CI, 1.41-17.18; crude frequencies of 8.6% [95% CI, 0%-
27.9%] vs 2.6% [95% CI, 0%-6.4%] for 2 or more poor vs all ideal
gestational metrics).

jama.com
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Sensitivity Analyses

Gestational CVH-offspring CVH associations were robust to all
sensitivity analyses, including (1) adjustment for child Tanner
stage, (2) exclusion of underweight mothers and children,
(3) definition of the gestational CVH lipid metric using triglyc-
eride (instead of total cholesterol) levels, and (4) definition of
the offspring CVH glucose metric with a composite of fasting
and 2-hour postload glucose levels and hemoglobin A, level
(eFigures 1, 2, 3, 4, and 5 in the Supplement). See eResults in
the Supplement for details.

.|
Discussion

The primary finding of this study was that better maternal CVH
at 24 to 32 weeks’ gestation was significantly associated with
better offspring CVH at ages 10 to 14 years. To our knowledge,
this study is the first to examine the relevance of maternal ges-
tational CVH for offspring CVH.

Single, adverse risk factors during pregnancy (defined here
as poor levels of individual CVH metrics), including obesity,>”
hypertension,?® diabetes,* dyslipidemia,?® and smoking,3°
have been significantly associated with later offspring cardio-
vascular risk factors in prior studies. However, single risk fac-
tors such as these are less common than suboptimal total CVH;
in the United States, more than 90% of pregnant women have
suboptimal CVH levels,?° whereas even obesity (which is com-
mon, with a 24.3% prepregnancy obesity rate®!) is far less com-
mon than suboptimal CVH. Moreover, in the current study, no
single risk factor drove the significant associations with off-
spring CVH, underscoring the relevance of gestational CVH as
a composite indicator of fetal cardiometabolic exposures.

Given these findings, gestational CVH may merit further
study as a potential prenatal target for prevention of poor CVH
by adolescence in offspring. Because CVH is broadly appli-
cable for adults and youths outside of pregnancy,”>2 clinical use
of CVH during pregnancy as well could provide a consistent and
relatively simple means of monitoring and messaging global
health across the life course. Biologically, it is plausible that ges-
tational CVH could directly affect long-term offspring CVH
through, for example, epigenetic modifications®2”3? or dis-
rupted organ development2® in the fetus. However, gesta-
tional CVH is likely also a marker of both genetic susceptibility
and family lifestyle habits that may be passed from mother to
child. Additional research is needed to determine whether im-
provement in maternal CVH during pregnancy affects long-
term CVH in the offspring.

Postnatally, knowledge of maternal gestational CVH level
may have clinical utility to identify newborns at higher risk for
poor CVH by early adolescence, even beyond other measures
available at birth. In a previous analysis of HAPO data, gesta-
tional CVH was significantly associated with risks for adverse
pregnancy outcomes,® including some (preeclampsia,* high
and low birthweight®*) known to be significantly associated with
later cardiometabolic health among offspring. However, in the
current analysis, the significant associations between gesta-
tional CVH and offspring CVH were not fully explained by peri-
natal outcomes. Because clinical methods to comprehensively
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characterize newborn CVH are currently lacking (AHA defines
no CVH metrics for ages <2 years®), maternal gestational CVH
may provide an alternative means to target postnatal preven-
tive strategies to high-risk newborns. The ability to identify such
newborns may be useful regardless of the relative contribu-
tions of in utero effects, shared genetics, and shared lifestyle
to the maternal-offspring CVH associations, but mechanistic
knowledge will be needed to optimize intervention strategies.>®

Strengths of this study include geographic and racial/
ethnic diversity of participants, high-quality CVH measure-
ments, and the multiple secondary and sensitivity analyses.

Limitations
This study has several limitations. First, the cohort did not
include mothers with pregestational diabetes, mothers with
severe gestational diabetes (based on prior, more restrictive
diagnostic criteria), or offspring who were born preterm; these
exclusions of more extreme cardiometabolic risk phenotypes
may have biased associations toward the null, and studies in-
cluding these potentially higher-risk groups are needed.
Second, CVH was characterized at a single point during
pregnancy: at 28 weeks’ gestation. Further study is needed to
determine whether implications of maternal CVH for off-
spring vary across gestation and thus whether interventions
may be most effective, for example, earlier in pregnancy.

Original Investigation Research

Third, although the study used available pregnancy-
specific clinical guidelines to inform the gestational CVH
metric definitions in this analysis, the cut points are some-
what arbitrary, particularly for total cholesterol (for which
guidelines do not exist); research is needed to better define
CVH across pregnancy.

Fourth, gestational diet and physical activity data were
unavailable. Although CVH based on 5 metrics has prec-
edent®'> and may be more clinically applicable, gestational
diet and exercise have also been significantly associated with
offspring health,*” and studies incorporating all 7 metrics
are needed.

Fifth, this analysis lacked data on prepregnancy mater-
nal CVH, mother-offspring genotype correlations, family life-
style, and mother and offspring health during the 10 to 14 years
between delivery and follow-up. Investigations of mecha-
nisms of intergenerational CVH transfer would benefit from
more data outside of pregnancy.

. |
Conclusions

In this multinational cohort, better maternal CVH at 28 weeks’
gestation was significantly associated with better offspring CVH
at ages 10 to 14 years.
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